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ABSTRACT

A magnetically saturated ferrite subjected to a pulsed magnetic
field forms a generator of coherent microwave energy. It is shown
that relatively high peak rf power in short pulses can be generated
in this way. A pulsed magnetic field having amplitude ~ 4 Kg and
rise time ~ 1 ns is developed by a ctrip-line pulser with spark-gap
switches. This pulsed field causes nonadiabatic excitation of a
coherent oscillation in a YIG sphere. The pulsed field also produces
ndisbatic pumping of the frequency and energy of this oscillation, so
that the output frequency is not related to the pulsed-field rise
time. The entire process is completed ins!de the build-up time of
second-order spin waves, allowing precession angles in the YIG to
exceed the usual steady-state spin-wave threshold by an order of magni-
tude. A monolithic circuit element contains a pulsed-field loop and an
x-bund resonator, which are mutually uncoupled but both tightly coupled
to the YIG. The resonator extracts x-band «nergy from the YIG by radia-
tion damping und transfers it to an output waveguide. The resonator is
tunable und determines the output frequency. Coherent, nearly mono-
chromitic rf outpuc pulses huving energy of several hundred watt-ns, and
pulse widths in the range of 1 - 3 ns, have been observed using YIG diam-
eters in the vicinity of 50 mils. These results are in good agreement
with theoretical predictions.
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I. INTRODUCTION

This project has been concerned with development of a coherent

microwave oscillator using a small sample of yttrium iron garnet (YIG)

subjected to a pulsed magnetic field. The first proposal for devices

of this kind appears to have been made by R. V. Pound in 1959.l In
the years following that time, however, it developed that several

advancements in ferrite theory and technology were to be required before

progress could be made with this kind of device. At the time, ferrite

line widths were too large to allow the use of magnetic field pulses

with reasonable rise times. Also, it turned out that refinements and

advancements in spin wave theory were required, so that the limitations
imposed on the operation of these devices by the bulld-up of spin waves
could be understood and properly taken into account in the design.
Also, at that time, no work had been reported on pulser circuits de-
signed to produce the large field magnitudes required for microwave
frequency generation together with the short rise times required for
satisfactory operation of the device.

In the meantime some closely relasted devices were studled.2’3’h
These devices accomplished pulsed frequency translation in ferrites.
They used a pulsed magnetic field to translate upward the frequency and
energy of an oscillation which was established in the ferrite sample
before the application of the field pulse. An rf imput signal, which

was essentially a cw signal, was applied to the ferrite to establish

this initial uniform precession. These devices were found to perform

largely as predicted. They were limited to low power levels by the
second-order spin-wave instability.

In contradistinction to these earlier devices, the present device
uses the pulsed magnetic field to start the initial precession in addi-
tion to translating the frequency and energy. When this is done it is

possible to avoid the serious limiting of the power output resulting

from spin waves. It is now well-known that first-order and second-order
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spin wave instabilities restrict the rf energy associated with the
precession in devices using low-loss ferrites. With the exception of
limiters, which use these processes to advantage, these Cevices are
degraded in performance by the spin waves. The present device avoids
this limitation by operating or a short-pulse basis., 1 is found that
the excitation and translation processes referred to above can be car-
ried out on a time scale which avoids sericus degradation of performance
due to spin waves.

In previous reports, the former type of device has been referred to
as the Type I generator, while the device of concern here hzs bezen refer-
red to as Type II.

The present device makas use of the fact that a small ferrite
sample of single crystal YIG constitutes a high-Q microwave resonator
whose frequency can be tured throughout the entire microwave range by
simply varying the magnitude of an applied dc magnetic field. Figure
1(a) is the usual illustration of the 1 rpiform precession mode in a
spherical sample, which is the mode that is of concern im the present
work. 1In this case, th~ precessional motion is circular with amplitude
© . The frequency tuning of the oscillation is linear in the amplitude
of the applied magnetic field H . Figure 1(b) consists of a simple
RIC circuit representing a genersl singly-rescnant system, which inciudes
the case of the ferrite resonator. It is well known that if an initisl
free oscillation is presert on such a circuit, and if we tune the
resonant frequency of this circuit upward as a functicn of time, both
the frequency and energy of the initial oscillation will increase. This
increase in energy of the oscillation wiil be proportional to the increase
in frequency. This will be ture if proper conditions on the rate of in-
crease of the frequercy tuning are met.

The device to be described utilizes this principle and makes use of
the fact that a pulsed magnetic field whose magnitude increases with time
can be used to accomplish the tuning function. Furthermore, it is fourd
that if this pulsed magnetic field is properly applied, it can start the
initial oscillation on the circuit as well as translating its frequency
and energy in the manner referred to above.

-2 -
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Figure 2 shows a block diagram of the principal components of the

Type II generator. A permanent magnet supplies a small dc nagnetic

field which saturates the YIG sphere. A pulsed current generator feeds
current to a coil vhich generates the pulsed magnetic field that performs
the functions described above. In the presence of this pulsed field, the
total field applied to the ferrite will be a rising function of time, of
the nature of the curve shown at the bottom of Fig. 2. Since, for a YIG
sphere, the frequency is proportional to the net applied field, the ordi-
naete for this curve can be labeled in terms of frequency, which refers to
the instantanecus frequency of the oscillation in the sphere. Also coupled
to the YIG sphere, in addition to the permanent magnet and the puised
field coil, is an electromagnetic circuit resonator. In the present in-
stance, this circuit is resonant in the x-band frequency range. For any
given adjustment of this circuit, its resonant frequency is a constant as
indicated by the horizontal dashed line in Fig. 2. As the resonance of
the ferrite oscillation cuts through the resonance line of the circuit,
some of the energy associated with the oscillation in the ferrite will be
transferred to the circuit. The circuit will then ring coherently at its
resonant frequency. The circuit is coupled to an output waveguide and
radiates an output signal into this waveguide.

We have stated that in the present device the pulsed magnetic field
performs two separate functions, namely initietion and translatior of the
oscillaticn. It is not surprising to find, in a device which uses s pulsed
field to excite coherent oscillation, that there is a requirement on the
rate of rise of the field pulse. In a rough way, the field is required to
reach a certain magnitude in a time which is short compared to the period
of the rf oscillation which is to be excited. These requirements are
defined more precisely in the body of the present report. However, it may
be useful at this poirt to describe qualitatively their place in the design
and operation of the present device. In the initial excitation process the
scale of magretic field values is set by the magnitude of ghe applied dc
magnetic field, and the field level which must be reached in the prescribed
time is of the order of magnitude of this dc field. The time scale in this
initisl excitation process i5 also controlled by the dc field magnitude

-4 .




s Syt % e i o st . e o s ot e TR

TR 2

Ko e weeymiee MRSV RS e Sl

. ¢

* e . AR

A R g N a0 0 REAREREL K wip v Wmphobipsn ufi}!&&‘nu‘:
v » ¢ l

¥

*J03%49U88 33Tazeg II odAL Jo &awwnﬂo {ootd-2 °9Hid

-

-— 3JNIL

3JONVNOS3Y
LIND¥ID <

- 39NVNOS3Y &

3119434

<— AJN3ND3Y4

‘ > @

I~ L3INOVN &
: ININVNYID
., . B @ ) .

A1ddns
2a

4OLVY3IN3IO |  30IN93IAVM
IN3¥¥ND 4a3SInd \ indino
703 41314 43snd 283HdS JOLVNOS3H ANVE-X
OlA




. N \
i

wow o

e AL

' R
Svaent rbbA sl WO | gk

.
A o

(L.

becsuse the oscillation period just mentioned refers to the period of
the resonant frequency of thre ferrite in the dc magnetic field alone
which, as we have seen, is directly proportional to the magnitude of
the dc field. Thus, the requirement for efficient excitation of the
initial oscillation is a requirement on the time-rate-of-rise of the
first small portion of the pulsed magnetic field curve. Furthermore,
this initial time-rate-of-rise is set entirely by the initial oseil-
lation frequency and is totally unrelated to the frequency of the out-
put energy delivered by the device. Once the nonadiabatic requirement
on the initial portion of the pulsed field rise has been met, the pulsed
field can coptinue to rise beyond that point in an adiabatic fashion,
end in a time covering many rf oscillation periods, in reaching a final
value. During this larger; second regime of the pulsed field rise the
frequency and energy of the oscillation are translated upward by a sub-
stential amcunt. Thus, the pulsed field rise is adiabatic with respect
to the oatput frequency and is not related in any direct way tc the out-
put frequency. In the present designs, the magnitude of the de¢ fi=ld
is set at the lowest value which is consistent with saturation of tke
YIG sphere. As we have Jjust see: this lowers the rise rate reguire-
ment of the initial first portion -of the field pulse by simultanecusly
decreasing the field level associated with the initial portion cf the
pulse and alsc increasing the time alliowed to reach that level.

The second, or adiabatic portion of the field rise, which in
practice is actually much the larger portiion, is limited in total time,
in principle, by two requirements, but in practice by only one. Tke
first requirement is thet this field reach its final magnitude in a time
which is short compared to the relaxaticn time of the uniform precession
mcde in the ferrite sampie. In the case of single crystal YIG materisls,
this relaxation time is sufficiently long 2s to constitute essentislly
no problem. The second requirement is that the field reach its final
value before second-order spin wave pumping can decrease the amplitude
cof the rf precessicn which kos been established. In prirnciple, during
this translaticnai portion of the field rise, the amplitude of the rf

precession is constant, in the absence cf parametric spin waves, but
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decreases very rapidly with time after spin weve build-up gets underway.
This tures cut to be the c¢crimtroliing facter in setting the rise time
ccndition durirg the second posrtion of the pulsed field profile. As
will be seen, it is fcund that there is sufficient time under *4is
consideration for the total puised mugnetic fieid rise to be completely
nonadiabatic with respect to the output frequency in a practical case.

Successful operation of this type of device has been demonstrated
previously.s’6 However, as a result of the investigations carried out
under the present Contract DA 28-043-AMC-00397{E), tha rf cutput power
of devices of this kind has been increuzsed by several orders of magni-
tude cver any previously reported results.

The principal areas of investigatior have been concerned with the
theory of the build-up of the uniform precession mode in ferrites
subjected to pulzed megnetic fields, theory ¢f spin wave build-up under
trese same conditions, theory of transfer of energy from a pulsed fer-
rite to & micrewuve circult, development of pulsed circuitry for the
production of multi-kilogauss, nanosecord-rise field pulses, develop-
mert of ccmoatible dc pulse and rf puise circuits for coupling directly
to « ferrite sampic, development of measurement techniques for tke fast
dc and rf pulses prcduced by the above apparatus, and desigr znd testing
of experimental models of Type II x-band generators. This repart
contairs references to, and descriptions of, work carried cut along
tnese lines, leading to the successful demcnstiraticr of high peak vower
in a device cf this kind.

The work leading tc the demonstration of high peak power from
Type II ferrite gererztors and the results obtained or the experimental
¥Model 7I-B are summariced in a recert publicaticn under the present
centract.7 In the present rapaxrt we include the material contained in
that publication, together with scme additional material. This addi-
tioral material includes: (1) further discussion and dsta cn some of the
subjects referred to in the paper and (2) a surmary of some further
investigations which were urdertaken under the present cortract subse-
quent to the work referred tc in the paper. A few key items from earlier

status repcrts under the contract are 2iso included in the present report.
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Further details on activities during the year may be obtained by ref-
erence to those reports.

This present report is concerned ornly with the latest experimental
model of the ferrite generator, which has been designated Model II-B.

Work was done earlier ir the contraect year under the subject contract,
on a Model II-A generator.

This device was limited to very low power
compared to the Model II-B device, but the results and experience

gained with the former device led to some of the modifications resulting
in high peak power output from the Model II-B generator.

For a summary
of results obtaired with the II-A apparatus the reader is referred to the
Quarterly Status Reports.
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II. THEORY OF OPERATION

A. Estahlishment of Uniform Precession

The establishment of a coherent uniform precession oscillation is
accomplished by applying to the ferrite both a dc magnetic field HO
and a pulsed magnetic field Hp , as indicated in Fig. 3, whose
directions differ by an angle Yo which, in the figure, is shown as
900. The purpose of H, 1is to saturate the ferrite and to establish
the initial direction cf the magnetization M . As the magnitude of
Hp increases with time, the total field HT rotates away from its
iritial direction along Ho , establishing a growing geometrical argle
¥ between ET and Ho . As a result of this angle, M tends to
precess about the axis of H’l‘ , along some path which is indicated
symbolically by the dashed line in the figure, such that the angle ©
between HT and M tends to be less than ¥ , but increases mono-
tonically as the rate of rise of Hp is increased. Taking the magni-
tude of Hp to be a linear function of time, then to obtain relatively
isrge values of ¥ , it is necessary that dH P/dt be sufficient for
HT to become of the order of Ho in a time of the order of one radian
at the initial precession frequency 7Ho . Also, © attains essen-
tielly its full growth 73 (defined as © at t = ) durirg this

time interval, remaining relatively constant as HT ~ontinues to grow

and Y apprcaches ‘i’o .

Values of @y for arbitrary values of H, , ¥, and dH p/dt have
been calculated using the digital computer. This work was initially
carried out under contract DA 36(039)AMC-000L1(E), the predecesscr to
the present contract, and was issued as a technical report under that
contract. During the period of the present contract this report was
revised for publication.9 Because of its basic importance in the design
of the Type II ferrite generator, this revised version of the report is
included herewith as Appendix A.
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FIG. 3 --Geometry of magnetic fields applied to ferrite sample.
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A very useful way of representing some of the results of these
calculations on uniform precession ampiitude is indicated in Fig. 4.
This figure shows the thec:atical value of the final precession angle
as a function of a parameter R , using data taken from the results
shown in Appendix A. In Fig. 4, the parsmeter R measures the field
strength reached by the pulsed field in a time corresponding to one
radian of precession of the magnetization at the initial precession
frequency. For this purpose, field strength is measured in units of
the applied dc field Ho . This coordinate normalization is very
convenient for application tc the Type II generator. In Fig. 4 the
final precession angle is shown for two particular values of pulsing
angle ‘i‘o 5 namely 9OC and 20°. In the experiments described below,
90° pulsing was emplcyed. In Fig. 4 the curve for 20° pulsiag is
included for reference, and curves corresponding to other pulsing
angles are readily obtained from the data in Appendix A.

In the calculations referred to, interral damping of the uniform
precessicn mcde due to relaxation mechanisms in the ferrite are neg-
lected, it being assumed that the time intervals involved in the experi-
ment are shorter than the relaxation times for the material. In samples
of single crystal YIG this condition is well satisfied in practice, for
experiments cf the type to be described below. The assumption that
HP is a lipesar function of time is also well satisfied in practice,
with the exception of a quadratic component in HT near the origin,
the effect of which has also been evaluated usirg the computer.

The function of the pulsed magnetic field may be divided into two
parts, the first being an excitation function resulting in establish-
ment of a uniform precession osciliation of relatively high amplitude,
and the second being a pumping functicn through which both the frequency
ard energy of this precession are increased as a function of time.

After the full growth of the uniform precession angle has been
reached, the field HP can, in principle, be increased indefinitely
without appreciable change occurring in the angle 0{' « This portion
of the pulsed fieid rise accomplishes the pumping function by means of

which the freguency and energy associated with the uniform mode are
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increased. As Hp increases in this range, HI‘ approaches Hp in
magnitude, and the frequency and energy of the uniform mode become
asymptotically proporticnal to the magnitude of HT .

Figure 5 is an example taken from the computer results, using
parameters (d.HP/dt = 3 kOe/nsec, ¥, = 90°, Hy = 0.7 kOe) which are
sufficiently close to those used in the experiments described below
that the curves give a good picture of the transient properties of the
modes. The horizontal time scale applies sccurately to the experiments.
The curve labeled 1 iliustrates the nature of the uniform-precession
build-up. The peak value cf © 1is reached at a time corresponding to
2.5 rad. calculated at the initial precession frequency of the uniform
mode, namely 7Ho/21t = 1.96 Gefsec. Thus the interval out to this
point represents the region in which the essential function of the
pulsed field is t0 establish the magnitude of the uniform precession,
while the time interval beyond this point represents the pumping region
in which the purpcse of the pulsed field is to raise the energy and
fregquency of the precession at easentially constant precession angle.
The curve labeled 1 represents the calculated erergy of the uniform
mode which is associated with the precession angle © . Note that
this energy is normalized to, the energy MVHT , where M 1is the satu-
ration magnetization of thke ferrite and V is its volume. Since H‘I‘
is asymptotic to Hp , and H b is assumed to be a linear function of
time, the horizortal porticn of the cwrve EUH at large time actually
represents erergy increasing linearly with time.

The overshoot in Fig. 5, in which the uniform mode acquires an
early amplitude which is noticeably larger than the asymptotic ampli-
tude; is of interest. Aithough the experimental generators to be
described below utilize the asymptotic value, the peak value which is
reached earlier may be of some possible use. Under scme parameter
ranges the degree <f overshoot can exceed that shown in Fig. 5.

Figure 6 shows calculsted values of the ratio of peak precession ampli-
tude at the tcp cf the cvershoot to its asymptotic value, for various
parameter adjustments. Figure T shows the normalized time at which
the peak precession amplitude occurs.
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energy of the uniform mode and spin waves, as a function

-1 -

— e vmom—




1.0

0.95 B .25 /

pySp—

0.90 }—
1.0

— 0.8} %

2.0

e

3.0\ T

0.70 | | Cor
0

20350 ——T0——Bo—30
¥y — Degrees

AR EA MR KPRV

FIG. 6--Ratio of final precessicn angle, 6p > t0 meximum precession
angle em vs pulsing angle, YO i

(IR

- e,
: i’

&y

Pre

"
C

h

h

o

-15 -

i
T - N L
. : .
.

Y . i 0 i .
3 m.,..i..ﬂw, L T
¥ ¥
. A e
oty

W b s



S TR e e ey

o

e
=

e

2.

ButsTnd Jo uogqouny ®v oB ¢

06

L

08

‘a18ue UoTseoaxd w:.aTXBMm

saaaxdaqg —

ol

03

%

06

o4

I03

(019

L] oy

‘aT8us

L 3o enyBA--L ‘DIL

Oc

0T

_

AP0
-

. «mw%%?&mﬂﬁ% o s

P

0T

2T

LA

91

0'e

eg'e

n'e

3'c

FERL S e I 244:.:....: .
[T A A oy 3
wo b f?ﬁw%ﬂ»@

- 16 -

s

A p——
i), Mot

g v. v "
AR L G WH 7 A i batbinty in.hhm..!:i nt

oz ok




e e e e e

B. Spin Wave Growth =

A limitation on the operation of devices of the present kind results
frem the intrinsic parametric pumping of spin waves, by which energy is
drawn from' the uniform mcde into spin waves where it is no longer avail-
able for useful extraction by radiation damping. In steady-state prob-
lems, spin wave phencmera of this kind have been widely studied and ace
well known.lo'le A study of the mechanisms of spin wave growth under
the present transient circumstances has been made using the digital
computer., This has been reported in a recent publica.tion,l3 wiiich
constituted part of the work under the present contract, and which gives
theoretical information on the detailed effect of spin waves on the
operation of the Type II generator. The material contained in this paper
is included in Appendix B below, for reference in the design of Type II
ferrite generators. In this investigation, the equations of motion for
spin wave modes in a ferrite subjected to lineurly rising pulses of
magnetic field, for all regions of k-space which undergo pumping, are
integrated rumerically, assuming initial spin wave excitation at the
level correspondirg to thermal equilibrium. Agsin, no restrictions are
imposed or the values of Hj , ¥, , or dH P/dt , and again the equa-
tions for the uniform mode are used in completely general form to allow
for arbitrary amplitude of the mode. In the spin wave equations, terms
to first order in the spin wave amplitudes are retained, and all spin
wave back-reaction term: are included in the upiform mode equations.

A numerical integration over k-space determines the aggregate of spin
wave growth as a functicn of time, and the energy in the uniform mode
as a function of time in the presence of the amplified spin wave.

Figure § is a typical example which shows: pictorially the growth,
as a function of time, of both the uniform mode and spin waves in the
ferrite when subjected to a pulsed magnetic field of the type being
considered here. TFigure 8§ is a view loocking down along the exis of the
net instantaneocus field. The tip of the vector representing the instan-
taneous field is corsidered to be located at the center of coordinates

in the figure, and the plane of the paper is taker to be normal to the
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ret field vector. Thu-, a3 the direction of the net field vector

rotates in time. *he observer is assumed 10 move correspondirgly. The
curves 1n Fig. 8 rsprescent loci of the magretizaiion vector as a function
of time. TFor exemple, if the circular uniform precession of Fig. 1ia)
vere represented ir this kird of a diagram, the locus would cornsist of a
circle with its center =t the center of the ccordirzstes in the figure.

The diagram of tre uniform mode in Fig. 8 shcws the build-up of the
ariform precession a: a functicn of time, illustretizng the rotation of
the magnetization vector abcut the axis of the instuntareous magnetic
field. NRote that the precession ampiitude reaches essertislly its full
value bel re the magnetization ¥es precessed cre-fourth reveluticn. The
runbered pcints on the uriform mode diagram are simply specific points
wrich are used to correlate with corresponding points in time on the
spin wave dizgram. Considering tne points on the uaiform-mode locus
labeled 22 — 29 exch of these points in turn represents a point on a
successive precessicr cycie. For example the magretizaticn vector makes
are ccmplete revolution in traveling from poirnt 22 $0 peint 23, irn e
precessiorn wnich is ecsentially circuiar and of constant amplitude, and
the same hoids for the othker consecutive peirs cof polats.

The dashed diagram in Fig. 8 represerts the correspording build-up
of spin waves which are pumped by the uniform precessior mode. Actually
the center of c-oordinates for both the sciid ard dashed diagrams shouid
be coxnc:ident becsuse toth ~f these diagrams represerni precessicns
centerzd or. the sane instantenecus field vecter. However, for claridy,
these tw: coordizate systems sre displaced in the figure. Tne nurbered
poirts or the spin wave diagram zorrespond in time t< the points btearsing
the same nurbers oz the tniform mo. .2 diagram. We see that the spin wave
precessich nus negiigitle amplitudes for the first severzi cycles and
tken vegins to spiral upwerd vapialy. We also rcte that the spin wave
magretization pulis intc a steady time phase wnich is something lessz
thaz 450 aread ¢f the cnirorm precession phase as time gces on.

Tor & more detailed picture of the spin wave build-up process and
is: effect on the urifcrm mode we retuwrn tc Fig. 5 which, as stated

above, is caicuisted for parameters which are sufficiently close to

- 19-

- Lo e gt N e+~ P

P e

" ober ArGny

PNl

[

e, R 30 S g Tt SR R U
J?ﬁilmvﬁ‘"" 30, g e i

RN




' '-:nﬂ i%‘ s

oyt

f,ug)

T

3
{

those used in experimerts cn the Type II generator to give a very useful
picture of (he build-up prccess, as a function of time, as it occurs in
the actual experiments. Note that the back-reaction effect of spin
waves on the uriform mcde, which is included in the graph of Fig. 5, was
not taken into accourt in celculating the diagram of Fig. 8. In Fig. 5
curve 5 indicates the growth of total spin wave energy as a functiom cf
time. The effect of this spin wave growth on the precessiocz angle ©
of the uniform mode is indicated by curve 4, and similarly the decrease
in uniform mode energy is shown by curve 2, representing erergy aszcci-
ated with the uniform mode. We see that these theoretical curves pre-
dict that in a time of approximately 2 nsec the energy associzted with
the uniform mode has been degraded by approximately 10%, by the presezce
of spin waves, from the value which it would have withcut spin waves.
The uriform mode energy decreases rapidly beyond this point. Or this
basis, one should design the experiment such that the energy removal by
radiation damping of the uniform mode occurs before the elapsed time
exceeds 2 nsec.

For any given set of parameters, the thecvretical effect cf spin
waves on the amplitude of the uniform precession mode may be determined
from the materiel in Appendix B. Recall that in the atsence of spin
wvaves, the uniform precession mode reaches ar asymptotic viziue. It
then remains at this asymptotic wvalue until the ususl, linesr reiaxation
processes csuse it to decrease. As has been stated sbove, the lirewidth
of low loss YIC materials is such that the linear relaxation methods do
not come into play daring the time interval invoived in the generation
and radiation of ar rf pulse in the present type of device. In ore
formulation of the problem of the effect of spin waves on the uniform
mode, then, we calcuiate the time involved, from the beginring of tke
magnetic field pulse, until nonlinear spin wave growth has proceeded tc
the extent that the energy in the uniform mode has been reduced to 0%
below the value correspording to the asymptotic amplitude of the uni-
form mode in the absence of spin waves. It is found that a universsi
curve for this time irnterval can be piotted which rolds for an arbitrary

combination of pulsing parameters. This curve is given in Fig. & of
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Appendix B. The vertical scale is in terms of the asymptotic value of
the uniform precessiorn mode, irrespective of the combination of pulsing
angle and initial pulsed-field slope which is used to achieve this
asymptotic precession angle. The horizontal scale is the normlized
time at which the urniform mode has been degraded 10% in energy by the
spin-wave build-up. The values on this horizontal scale represent

time in radianms as measured at the initial precession frequency. As
has already been seern, the initial precession frequency is determined
entirely by the magnitude cf the appiied dc magnetic bias field. In
Fig. 9 below this same curve is shown replotted using a horizontal time
scale in terms of actual time in nanoseconds for the particular case

in which the dc tias field is 700 Oe, which is the value used in most
of thre -experiments described below. We see that a total time of the
order of 1.5 nanoseconds is theoretically available in which to carry
out the experiment of generation, translation and radiation of ar rf
pulse, if noticeable degradation of energy due to spin wave effects

is to be avoided. Note that radiation damping of the rf output coupling
in the crossover range is not included in the calculation, so that the
prediction of Fig. 9 is actually pessimistic. It is clear, however, on
the basis of these calculations, that one should attempt to reach the )
crossover region in a time of the order of one nanosecond, and this is
the essential consideration which controls the total build-up time of
the pulsed magnetic field. In summary, then, the requirements on non-
adigbatic excitation of the initial uriform precession oscillation, as
described in an earlier section, determine the requirement of the initial
time-rate-cf-rise of the pulsed magnetic field, while the present re-
quirement defines the total rise time of the field up to the crossover
region. It will be seen later that the actual pulsed magretic field
waveform developed in connection with the present project was designed
to teke these two requirements into account. It will also be seen that

w Dinth B e x B e 0

M e

(TEUCK

the total rise-time requirement has been better met than the initial
rate-cf-rise requirement, and that it can be anticipated that progress in

the latter area would directly increase the peak power output of the
device.
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C. Coupled Circuit Behavior

Radiation damping for extraction of energy from the ferrite at the
desired frequency ic provided by a coupled c;rcuit resonator which is
described below. This resonator, and the uniform mode resonance in the
YIG sample, constitute a coupled circuit system. As the oscillation
frequency of the uniform mode is swept tnrough the resonant frequency
of the circuit mode, a transfer of energy to the circuit takes place.

We use the equivalent circuit of Fig. 10 to simulate the behavior
of this coupled system, in which we identify the ferrite with circuit
1 and the circuit resonator with circuit 2. The system consisting of
these two coupled circuits contains two normal modes, which we will
refer to as Modes A and B, as illustrated in Fig. 11. In the present
problem, a2t the start of the pulse the resonant frequency w of cir-
cuit 1 is much less than the resonant frequency Wy of circuit 2, and
the energy of the system is almost completely stored in Mode A. As )
is swept upward in time, through the region of cross-over with the
frequency @ the energy transferred to circuit 2 depends on the sweep
rate as well as on the circuit parameters. If the sweeping is suffi-
ciently slow, the fields irn the resonators readjust themselves as
Sunctions of time to essentially preserve Mode A, and the energy, which
was originally stored in circuit 1, is nearly all transferred to circuit
2, as desired. In the other extreme, if the sweep rate is sufficiently
high, a grsat deal »f mode conversion takes place during cross-over, and
the energy remains mostiy in circuit 1, ending up in Mode B.

In the present experiments, an intermediate sweep rate is used, and
computer calculations were carried out to determine the theoretical
efficiency of transfer of energy from circuit 1 to circuit 2 during cross-
over (see Appendix C). In this process tie freguency @, is held fixed,
and w is assumed to vary with time as

= A+ Bt s (1)

N
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behavior of the energies in circuits 1 and 2 as a function of time.

parameter values chosen for this figure are consistent with those used
in experiments described later. The values are A = 0.1, B = 1/20n s

K = 0.004, Ql = 1,000, and Q2 = 50 With the values of A and B

shown, cross-over is reached at a time corresponding to nine periods at
frequency W,

dashed line in Fig. 12. The parameter & specifies the strength of

coupling between circuits 1 and 2, and is related to the frequency sepa-
ration of Modes A and B at cross-over by the expression

-m 2
K = ﬁi—-—-—ﬂ . (2)
%

The quantity Ql represents the unloaded Q of circuit 1, while Q2

is the ioaded Q of resomator 2, including the loading due to an output

waveguide to which the resonator is coupled. Calculation of the total

energy per sweep delivered to circuit 2 shows this energy, for the case
of Fig. 12,is 29% of the energy which would be stored in circuit 1 at
cross-over in the absence of circuit 2, which latter value is indicated
by the intersection marked U in the figure.

The dependence of this energy transfer eificiency on the couplirg

coefficient &« , for values of Q2 of 50 and 100, and with all otker
parameters as in Fig. 12, is shown in Fig. 13. A family of curves

showing the energy transfer ratio as a function of Qél, for several

values of k , is presented in Fig. 14. The curves of Figs. 13 gnd 1%

were calculated using data taken from sets of computer curves of the
kind shown in Fig. 12.

While the value cf Kk used with Fig. 12 is comparable to that
involved in the experiments below, we note from Fig. 13 that a design

using higher coupling coefficients could materially improve the energy

transfer efficiency of the coupled circuits. We also note from Fig. 13

that the energy transfer ratio is predicted to be very insensitive to

i t.
Q2 , the loaded Q of tng\ggtput circui

>
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Cross-over occurs at the time indicated by the vertical
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T¥I. PULSER DESIGN

Under the program cn this contract # significaat amount of effort
was devoted to develsping pulsed field generators having the charac-

teristics required for high power cperation of the Type II grmerator.

As shown earlier in this repert, the principal requirements are cor-

cerned with the iritial time-rate-cf-rise of the pulsed field, the total
time required t. reach the peak value, and the field msgritude at the
peak value of the puise. For an experimental program havirg the ob-
Jjectives of the present contract, spark gep switches have comsistertl
appeared tc represent the best solution. Surveys of other types of
switches irndicated that they were generally lacking either in total
currert handliirg capacity or switching rate, or that the complexity azd
develcpment time ipvolved could be expected to greatly « xceed thet in-
volved in the case of spark geps. As has been stated above, the tbjec-
tive of the presert prograr was tc test experimentally whether the

Type Il generullr was capabie f producing high power microwave pulses,
and in order tc Tocus the effort or this cbjective it was desirgbie €

ackiave the necessary pulsed fieild characteristics @

3

p,

the sipplest =2
most direct way. The spark-gap snd strip-line pulser approzch performed
this function satisfactorily. This is not to imply, at this p.int, tisi
the spurk gap approach would necessarily be best in a practical device
development, as the compurisons betweer spork gaps and other possible
approaches would have to be zzde on the basis of fully engineered systems
and tzking into =cccunt questicms of lifetime ard various practicsl and
ernvironmental factors

The pulsed magretic fieid Is obtained by passing a currert, ir tze
ferm of a short, steepiy rising pulse of high smpliitude, thro.gh a sirngle-
turr coil which is described iater. Typical magnitudes involved are a
sarrent ampiltude of stmwe 1.5 kA with a pulse width of several nanoseconis,
ard pulse risetime oI vorewhat under 1 rsec in a coil having ar inductazce
of the ~rder of 1 rH. 1In this secticn we describe the puiser apparatus

which was develsped t- reet these specificatiorns.
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The pulser system is illustrated schematically in Fig. 15. The
general apprcach invoives the use of a pressurized spark gap to switch
a relatively high witage on a low-impedance strip line, to produce a
current pulse of high ampiitude in the strip line, and subsequently
steepening the front edge of this pulse by passing it through a second
spark gap, which coastitutes s noniinear circuit element.

The charged 1iae section on the right-hand end in Fig. 15 is
charged to a de¢ voltage in the range of 10 - 20 kV, upon which is super-
imposed a 60 cps ac vuitege in the range of 1 — 3 kV. The dc voltage
is set below the breakdcwn voltage of the primary (right-hand) spark
gep; ard gap firirg tckes pisce near the positive peaks of the ac volt-
age, which assures a constant average pulse repetition-frequency. Stable
cperaticr with two pulses per positive peak of the ac waveform is readily
achieved,.

The primary ard sharpening spark gaps are similar in design. The
gap electrodes are machired from copper or silver-tungsten matrix such
that the radius of curvature of the firing surfaces is greater than their
snacing. Gap spacing is continuously adjustable during operation. Both
gaps are enclosed in pressure chambers suitsble for gas pressures up.to
some 15 atm. A drawing of the gap and chamnber design is given in Fig.
16. _

A large number of experimerts were performed, aimed at cptimizing
the pulser performarce es a function of all avaiiable parameters, such
as charecteristic impedance ard geometry of the strip lines, the design
of strip lize Jjunclicns; gap electrode shapes, materials, and spacings,
and gas type and gas pressure. Figure 17 is typical of curves obtained
from sampiing scope presentaticns cof the leading edges of both un-
sharpered and sharpered voitage waves on the output strip line, with the
varicus puiser perameters set near their optimum values. These voltage
wvaves are view2d by tapping ecross the cutput iine at the point V in
¥ig. 15 located halfway aiong the length of the lire.

Zn the system of Fig. 15 all sources of reflection of traveling
waves are isgiated timewise from other circuit elements, to avecid

refiecticn errors ard to avoid any traveling wave rescnance effects.
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FIG. 16--Spark gap pressure chamber.
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The middle and cutput strip line sections have characteristic
impedance of 7.6 N, as there was found to be a broad minimum in over-
all pulsed field risetime in the vicinity of this impedance level.
These lines are constructed of copper strip of width 2 in. spaced
0.060 in. from a copper ground plane by sheet Mylar dielectric. This
spacing avoids nonlinear effects in the dielectric material which were
found to be troublesome at insufficient spacing. In the primary gap,
ritrogen at a pressure in the vicinity of 100 lb/ sq. in. provides a
good compromise between risetime and gap voltage drop. Primary gap
spacing is typically cf the order of 0.020 in. Pressurizing of this
gap improves its switching time by a factor of about 20 over atmospheric
pressure operation. Pressurizing of the sharpening gap was found to pro-
vide no improvement of its functioning. '

To produce the pulsed magnetic field Hp , the pulsed voltage wave-
front of Fig. 17 is incident upon a single-turn pulsed field coil which
provides essentially a short-circuit boundary condition at the left-hand
end of the output strip line of Fig. 15, so that the final value of coil
current is approximately 2V p/ZO , where Vp is the instantaneous mag-
nitude of the incident pulsed voltage wave and Zo the characteristic
impedance of the output strip line.

The pulsed field coil is a single-turn loop machined in a braas
fixture as shown in Fig. 18, which combines the pulsed field coil and a
coupled rf circuit resonator, which is discussed later, in a single
integrated element. The input leads to the locp indicated in the figure
are connected directly to the strip line curren: source, resulting in a
pulsed field directed al g the axis of the luop. The YIG sample, which
is not shown is located at the center point of the loop.

The locp itself is separated into two halves by means of a traas-
verse saw cut made at the midpoint of its longitudinal axis. These two
halves srez spaced a firite distance and are parallel-connected with
respect to the pulsed driving currert.

In one design, the unit of Fig. 18 is mounted in an x-band waveguide
flange as illustrated in Fig. 19. The flange introduces & shunt path
for pulsed currents in parallel with the regular coil path, wnich is
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FIG. 18--Circuit element containing pulsed field coil and
X-band slot resonator.




STANDARD RECTANGULAR
WAVEGUIDE
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Fr4. 19--X-band waveguaide coupling structure.
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found to decrease the current in the coil by the order of 1C%. The
interfuces between this flange and external waveguide flanges, with
which it mates on both sides, contain sheet lucite spacers which are
essentially transparent to waveguide signals but prevent shorting of
pulse current by the external waveguides. Chckes are used to preven:
rf leakage between the flanges.

With the dimensions indicated in Fig. 18, the ratio of field to
current for field at the center point of the loop is 2.75 kOe/kA. Tre
inductance of this pulsed field coil is approximately one ranohenry
which, in the 7.6 Q strip line circuit, has a calculated risetime of
0.13 nsec.

The measured leading edge of the pulsed field waveform generated
by the above circuitry is showr in Fig. 20. It is seen that this pulse
is substantially linear cver three-fourths :f the region shown, with a
slope of 5 kOe/nsec. However, the initial portion consists of e para-
bolic section which joins the linear portion with continuous first
derivative at the point labeled the junction point.

The sicpe of the linear portion of this pulsed field waveform
corresponds to a rise rate R of 0.6 wher the dc bias fieid is 0.7 kOQe.
The dashed line in Fig. 4 shows that, when the angle between the pulsed
field and the dc field is 90°, the present R value of 0.6 units should
lead to a final precession angle of 32°.

The theoretical effect cn the final precession angle of the iritial
parabolic portion of the pulsed field waveform is shown in Fig. 21.

This is one of a family of such curves obtained from the digital com-
puter. The horizontal scale is in terms of the number of radians, at
the initial precessiocn frequency, required for the pulsed field to
reach the field magnitude corresponding to the junction point. In the
pulsed field waveform of Fig. 20 the number of radians required to reach
the junction point is six, and for this case the curve of Fig. 21 pre-
dicts a theoretical final precession angle of 130.
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JV. CIRCUIT DESICN

The separation of the pulsed field lcop into two halves forms a
zlot resonator which resonates in the x-bund frequency rarnge. The
symmetry of this arrangement is such that the rormzl mode fields of
the slot rescnator are not coupled tc the puised field circuit. The
slot resonator, whose rf fields are linearly pclarized and are criented
perpendicular to Hb , perferms the function described above for
circuit 2, extracting energy from the Y(: sample by radiation damping.

With the coil-rescnator assembly mounted in an x-band rectangular
vaveguide as irn Fig. 19, the slot mode is tightly coupled to the TE01
vaveguide mcde., Also indicated in the figure is & capacitive tuner,
consistirg of a titenium dioxide disk whese spacirg from the slot reso-
nator cun be varied, tc accomplish tuning of the resonant frequency from
approximately 7 to 10 Gc/sec. Ccntrol of the coupling betvween the reso-
nator and the waveguide is afrorded by means ¢f an adjustable short
located in the waveguide on one side of the resonator, and alsc by means
of the two waveguide tuning screws which are snown.

As has been seen, the function of the present device 1s to convert
energy from the source of the applied magnetic field irto rf erergy in

an output waveguide. The function cf the ferrite is tc transfer the
erergy tc the waveguide through the mediur of tke coupled circuit reso-
nator. In this operatior the ferrite behaves as a parametrically swept
resonator and not as g simple linear transducer cof energy in the Fourier
components of the field pulse. In this connectior, the latter are
determined by the rate of rise of the figld pulse, which is dictated by
the initial precessicn frequency of the ferrite and by spin-wave buildup
times, and ic not reiated to the output frequency of the device. However,
in the vicirity of the crossover poirt where energy transfer takes place,
efficient transfer requires heavy coupling between the ferrite and the
siot resoratcr as we have seer from Fig. 13, and it also requires over-
coupling between the slot mode and the output waveguide.
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We can write

Bout = FiofosByy o (3)

where Eout is the energy in the rf o2utput pulse, E, is the energy

UM

associated with the uniform mode, F is the energy transfer effi-

12
ciency between circuits 1 and 2 in the sense of Fig. 13, and F23 is
the energy transfer efficiency between the slot resonator and the wave-

guide, for which we have

Fpy = 1- LI T (%)

where Qé ana Q2 are the unloaded and loaded Q's of the slot reso-
nator.

In cold testing of the rf output circuit, a test sigral from a
syept-frequency signal generatcr is fed into the waveguide at the out-
put flange. This signal flows back toward the ferrite, opposite to
the normal direction of power flow when the device is operating as a
generater. Reflections from the ferrite couplirg circuit are used to
analyze the behavior of these components. Reflection coefficient as a
function of frequency is displayed on an oscillnscope. On this display,
dips in the re.lection coefficient are seen at frequencies corresponding
to the resomant frequencies of the ferrite and the slot resomator. 1Ib
these measurements the output circuit is located in a wvariable labora-
tory dc magnet, oriented such that the applied field lies along the
pulsed coll axis, so that the resonant frequency of the ferrite can be
tuned manually through the slot mode resonance. Also seen op the oscil.-
loscope are avsorption dips due to any other coupled resonances in the
system. This includes resonances associated with the adjustable short
and also uiscellaneous spurious coupled reconancex. The lattes are, for
the most part, weakly coupled modes. Some of these are associated with
the dielectric spacers used to insulate the waveguide flanges as indi-
cated in Fig. 24. It is founi that these can De satisfactorily mini-
mized by proper dimensioning of the parts, which is done empirically,

- 42 .




together with loading of *hese modes by resistance cloth as in Fig. 2k.
Absorption dips correspcnding to the waveguide tuner were observed when
that tuner was present.

The general behavior of the resonant modes is as follows. Assume
that a relatively low value of dc magretic field is initially applied
to the fer-ite. No pulsed fields are applied to the ferrite during these
measurements, as the ferrite operates simply as & passive resonator for
these cold test measurements. The ferrite absorption dip will appear as
a very narrcw resonance line whose width corresponds to the high un-
loaded Q of the YIG sphere. By contrast, the absorptior dip for slot
is much brcader, under conditions of proper adjustment, corresponding to
the much lower loaded Q of the slot mode, as loaded by the coupled
output wavegiide. As the dc magnetic field is increased, when the fer-
rite absorption line moves close to the clot resonance, the familiar
"billiard-ball" effect of overcoupled circuits is observed, when thz
adjustments are such that the ferrite and slot modes are watuslly vver-
coupled. In this process, the ferrite mode reaches a position cf
closest approach to the slot mode, and then becomes esserntially station-
ary as the dc magnetic field is further increased. In this process, the
ferrite resonance curve also broadens until the ferrite and slot mode
curves are of essentially equal width. Of ~owrse, in this crossover
range the two modes seen on tlhe scope ivse their original identifications
with the irndividual ferrite and slot resonators. They are simply the two
modes of the gystem of 1.2 coupled resonators, and as such, each of these
mcdes has epnergy in each of the resonmators. Upon further increas< in the
applied dc wmyp1etic field, the higher-frequency mode of the pair, which
was originally staticaary and identified with the slot resonator, begirs
to move wpward in freguency. It_eventually narrows to the characteristic
width of the unloaded YIG spheré, and takes on all of the characteristics
of an independent, .rloaded ferrite resonance.

The minimum frequency seperacvion between the two resonance curves as
a function of their tuning represents the frequency difference in Eg. (2),
and thus determines the couplirg coefficient K , Measuremerts on the -
slot resonance det:rmine its unloaded Q , and also determine its ioaded
Q versus adjustments of the waveguide tuner,
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Measured values of Qé and minimum usable Q2 for the circuit
of Fig. 2k are 300 ard 50, respectively, so that Eq. (L) gives

F2ﬂ >~ @,83. The mexsured value of the ferrite coupling factor is
P

X = 0,006, so that froum Fig. 13 we have Fip= 0.43 .
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V. DESCRIPTION OF II-B FERRITE GENERATOR

Scale drawings of the Model II-B x-band generator are shown in
Figs. 22, 23; and 24, Figure 22 shows plan and elevation views of the
overall device., It will be seen that =il componeunts are contained
within an electrostatic shielding ernclcsure, which consists of a length
of L-band rectangular brass waveguide, closed at both ends by brass
plates. A coax cable carrying the dc voltage for charging cf the pulse
line enters at the right-hand end of this shielding enclosure.

Nitrogen pressure chambers are included for both the primary and
sharpening gaps in this system.

Figure 24 is a ske- :h of the x-band rf output circuit of the gen-
erator. The pulsed-field-coil is mounted in an rf circuit flange in
the manner which has beer described above. This flange is insulated
from tae adjoining waveguides by means of lucite plates which are shown
in the figure. These plates have been shaped to fit around the pulsed-
field~-cocil leads as indicated, to avoid minor sparking which otherwise
occurs in these areas.

It will be seen in Figs. 22, 23, and 24 that controls are brought
out of the shielding enclosure for operation of the rutile disk tuner
which adjusts the frequency of the slot resomator, and also for edjust-
ing the two tuning screws which are used to compensate for the suscep-
tance of the pulsed fieid coil in the waveguide. The waveguide on one
side of the rf circuit flarge is terminated in 2 movable shorting
plunger, whose positicn is controlled from outside the shieldiag en-
closure.

Tne ferrite spkere, which is centered in the pulsed-field-coil,
is located on the end of an insulating rod which extends out through ;
the side wall of thc output x-band wavegiide and through the side wall :
of the shielding enclosure, so that the position and orienfation of the
ferrite within the coil can be controlled by a micrometer mechanism.

[ T TR

Figure 22 indicates that a small permanent magnet is located within
the shielding eaclosure for providing the dc bias field for the ferrite.

REUIPS 1 T

- U5 -

oxh

R AT e e e




*Z038I3USF ({-II JO SMOTA ATQUISSY--22 °HTI

oD XIS

oINS
WIS NIVLT AP s> 32107 ONINIC PN S I:Z:,Sq!V W LALrD ONEG
> rc:\ \ weri T dnesno anve
y Lo / |
y e dhned L Lo ¥ L Lo .4 VAW A A A A A A A .
. RS R NS
N e e X _
W N . \u 4k
Y b . N L —gl——
A\ areereoosen . s

/l IFIWrD LdgNI
FPVLION NP

AIGWISSY
FOLINSIY  ONIOJwnD

( ' Zrr Werra 75s)

ANPNLS QY PV IvdS

dwT AU N
LININLSAPAY PNINAS

AVO B ININVNS
( ‘4 vids 2.35S)
VIGVOWI  DINSTING
AP IS PNINILSSUNS

(oms) 34070
2IA02

ONITITTS SN 1D L1y

( ‘214 Wvraa 23

JANLINILS SNIIINOD

L WLNO OMT - X
WUNPINNA, LN LNO

WIEWOND 2INSSDid WOLYVLOY P LINFIYN  LNINVNG IS ~ ¢ )
W AWD FYVAIS AFVNINS Y IOTON 914 !tﬂhwwu
Ax y | V1INV

anN
.
o
@ '

(rasrsosswrrd
S—

N
C

AN LIRS TTIYYND
»

RETTROM U
]
#f—t "

SIVHE JVININVLIIN

=7 =
IA f
PINI SO QTIINmS / '\
n/a.!i.. FINSITIVd INIDOALIN

INIT SIILS

ENIT LINLES PINILYTIOS! 281 4N LNO

TFIGVS DPWLTIOA CISING

T

LACONS  JCIN S IAVAN

Fug w
Y STHYD
ATBVISSY
NOT o41? NIy
ANINL SO Q

ZIRENNL ONYE -X —
J I8 O

BIPPIIL
D O2S

N INAL
FOLANOSIN 2L0O7S

. &

o

e




. N vﬁ\.xm . ! i P
NI SR N Ie LN 13 R At ﬁ%ﬁ.&&.ﬁi«x\“uﬁ.vnﬁm@{ -

-quoker toued JuOIi--€2 ‘DI o

i,

.\t

/

SIHONI!I N!?! IV IOS m

2 / o LR
] v ) N ) C

LNOAlY 7 VINGS L IVON I

+
O, O O,

INIL LIS AANSSIAL
INILLIS TRVSSIIS oy « .N?\\éw

D ONINILdIEHNS

&MINN L
@ YOLYNOSIY LOTS

4 SN

@ i A
RN/

©

£ 7 4 72 i~ !
7 ol .hQ)n\\m\hQ.Xl LNQ  FOCLIONT QIS NS

O -0 O,

LNC 2ISII2L 3ILOOS




B -

B s P

e

NYLIT NOLOWVOSIY LCIS
anNy Qo QIIls QTISING

4L21AWIS AOS -
Sixy VoridAA ADYJQ *DId
ANOBY 08 QILYLON ' ZZLON
LOTS
LNYNOSIN
anve X

SINIONI NI TS5

SINT JEIN NI LLY

ped _
Srav
I S~/
; WOLVNQSIN LOIS ONY
|\ NP2 QOIFId QISING
Siy WILIDA l~

INIT IS NIVL AW

iy ANt SN
(-

~

QOLY INSNE 341007 |[

SZIrrg Qed
DIOHN DINVEVIIO CGVIN

FaON2 S &

SMINIS
NO VAN

-8 &

SIVIR=-IMIBRS
ONNINAL S18T

MNIBIS PNINAL
HCOLYNISIN L0775

4SOk ININALS A 100
A0 INLNN

SININI NI DIPISE
2 /’ o
f " T v B
FALINNLS PN 2dN0D
FAINOINYM ONEE -X
SO MIN CIO0 TAXT

(®)q2 014

! RYANEY B

i s g AWK f .
%1_3._. ot A
' B8 R FIE LR S U

e = = —

AL 4 vt b




This is a yoke-type magnet, with a yoke fabricated from cold-rolled
steel, and energized with ferrite circular-ring permanent magnets.

This magnet assembly is capable of producing a field of 800 Oe at the
ferrite, which is readily shunted down to the optimum operating value.
This internal magnet is convenient when the generator is being operated
routinely. For experimental measurements, to facilitate making rapid
adjustments of the dc bias field, this magnet was not used, and a larger
yoke-type magnet, whose pole pieces were capeble of fitting over the
outside of the shielding enclosure, was used, This was also a permanent
magnet, having a mechanically adjustable shunt which allowed variation
of the bias field level.

It will be seen in Fig. 22 that a pick-up loop for moritoring the
puised field wave shape is available. This loop is encapsulcted in
polystyrene st the end of a small-diameter rigid coax line which is
inserted into the device through an opening in the shielding enclosure,
and also through an cpering in the waveguide shorting plunger, so that
the loop can be positioned arbitrarily close to the pulsed-field coil.
A port is available for inserting a geucs-meter probe for measuring the
dc bias field applied to the ferrite. Also in Fig. 22 can te seen two
coex lines which attach to coax fittings on the front panel. One of
thesc carries a trigger signal which is picked up by a loop coupled to
the ocutput strip line in the vicinity of the sharpering gai:. The other
is connected to a direct tap on the output strip line midway between the
sharpening gap and the pulsed-field-coil, which is used to measure the
amplitude of the pulsed voltage wave traveling on the output strip line.
Since this latter voltage is of the order of 10 kV in peak amplitude,

a nigh-voltage short-prulse fitting is required for the panel connection.

A photograph of the gererator, removed from its shielding enclosure,
is showr in Fig. 25.

N R

It was not the purpose of the present work to study engineering
problems connected with ercsion and lifetime of spark-gap electrodes,
corona or discharges associated with high volitage strip line conductors,

"
Sy At

or aging and breskdown phenomena associsted with strip line dielectrics. f
The centrel purpose was to determine the maximum rf energy which can be ' %
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extracted from & pulsed ferrite sample when s field pulse of suitable
waveshape is applied. However, because of the large number of parameters
involved, and the large number of measurements necessary in order to
irterpret the behuvior of the device, measuremerts over & considerahle
period of time were involved. However, high voltege breakdowns were
infrequent. The down time involved in the occurrence c¢f such breakdowns
was minimized by u:ing & mechunicel desien ir the pulser sys.em which
aliows quick replsacer:nt of all components by means of spare parts which
asre kept cn hand. Pulse-line dielectric sheets are fabricuted from
stzrdard nylar strips which are easily pre-cut to the proper dimensions,
with proper locations of holes and other cutouts, using a master template
which was machined fcr the purpose. The assembly prccedure is such that
these new strips, as well as new sperk-gap electrodes and pulse-line
electrcdes if required, can be easily drcpped into place and the eatire
apparatus reassembled and placed back in operation within an hour's time,
which in an experimental laboratory mcdel of the present kind is entirely
satisfactory. This avcided any necessity cf spending time on the investi-
gation of high voltage lifetime questions in order to gather rf cperating

datza on the device.

o 4
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.. EXPERIMEXTAI RESULTS FOR MODEL II-B (CENERATOR

Pigure 26 shows a block diagrum of the measuring circuits whi:h
were set up fir determiring the rf and v:iec pulse character.stics of
the Model II-B gereratcr. Power in the rf output pilsze 13 datermined
ty two methods. In ¢cne of these metheds, average rf power outpat i-
determined using a standard thermistor and power bridge. as indicated
ir Fig. 26. As described 1ir Section ITI, the averaze p.ise repstition
frequency wss occurstely krcwn by synchronizirg the average firing rate
of tre pulser with 2 signal of known freguency. sC thal aver.ge powar
readings obtaired from the thermistor bridge could be =ccurately con-
verted to rf energy re- pulse. Irn the seccnd apprcach 1o measiriag ri
power output, the rf pilse height is compared direciliy with the scope
deflection produced by = signal from a reference generstor, which 1s
irdicated ir Tig. 26. The power output of the refererce gezerator is
measured directly on a power bridge. The crystal detecicr .sed for <his
Furpose is a ¥ew.ett-Packsrd Model L23A fast-rise type. wtich has an
observed risetime cf approximately 1.2 nsec. PFreci:icr astteruatiors were
used to adjust the cuipat power of the ferrite gereraicr 0 mzich the
output power of the reference generator in making pesk powar memsure-
ments. In practice, the crystal detector seasitivity remzins constan
for loung periods cof time. and 1t is possible to celiibrate it and ase
this calitration with only occasiorzl recheckirg. Ncte that the pro-
cedure of ccmparing power levels by mears of attenu=ztor adjustmernts
aveids any dependency of the power measureme i on crystal power-iaw
charecteristies.

Actualiy, the second metrod >f power measurement, by comparison with
the referance sigr=l generator was vsed in tne earlier measurements o=
the generatcr. It was in subsequent measurenmerts, wher the power output
had been increased to nigher ranges, that it becare pructical to employ
the thermistor bridge for pcwer measuremenis. When this was donre, a

disagreemant by a factor of approximately 2 was T>und to exist betweern
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the two methods, with the thermistor bridge giving the lower readings.
With the exception of Fig. 31 which is shown later, and whose purpose

is to show the dependence of relative power output upon various parameter
adjustments, all rf power figures quoted or used in calculations in this
report are based upon tke values obtained from thermistor bridge measure-
ments.

Figure 26 alsc iIndicates provisions for measuring video pulse
characteristics during the operation of the generator, by connecting
the sempling scope to appropriate terminals of the generator which are
shown in Figs. 22 ard 23. .

A- photograph of the measurement setup for hot testing of the gen-
erator is shown in Fig. 27. The Model II-B generator msy be sesun or
the table in the foreground. The earlier Model II-A device is in the
large rectangu]ar.shield box in the left background. The two large coils
of cable are the spirolire delay lines of Fig. 26, the larger being used
for video pulse delay and the smaller for rf pulse delay.

In operation of the generator, the fregquency of the rf output signal
is controliled primarily by the slot-mode tuner, bvt it is necessary %o
aiso track the movabie short in the output waveguide. Under these condi-
tions, the output rf pulse train consists of single, nearly monmochromatic
pulses, whose frequency is tunable over the entire tuning range of tre
slot-mode tuner. In carrying out this procedure the proper position for
the sliding short is a linear function of freguesncy and is readily pre-
set. The primary turing control is then adjusted for meximum average
power as read on the average output power meter, and the rf waveform is
observed on the sampling scope, while the primury tuner is readjusted
slightly for the best rf envelope shape.

Figure 28(a) shows a sampling scope trace of the rf output pulse
under proper adjustments. In viewing x-band waveforms care is necessary
to eliminate junction reflections and higher mode excitation in the delay
line circuit to the scope to obtain results as in Fig. 28. Circuits pre-
viously suitable for panosecond video pulse viewing produced excessive
echoes when used with x-band signals. The slightly ircreasing rf ampli-
tude to the far right in Fig. 28(a), after the main pulse hss cear:d, is
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the beginning of an echo due tu residual refiections at the scope input
circuit after sll ~ther sources of reflection have been minimized.

In obtaining direct rf waveforms as in the upper trace of the figure,
the output of the ferrite generator Is sufficient to operate the sampling
scope ir this manner with some 70 dB of rf atteruzticon present in the rf
transmission system between the gereratur ard the Hewlett-Packard 186A
sampling oscillos~cpe. In this cperution the oscilloscope is triggered

fror = sigrel derived from a small pick-up locp coupled to the pulsed

field. Figure 28(b) is an expanded view of the rf waveform of Fig. 28(a),

which illustrates weil the interpuise pkase coherance. The smooth traces
Obtaired ir this wazy indicate = high degree of rf phase coherence from
puise to pulse in the output of the generator.

Also shown in Fig. 28(a), in the lower trace, is the rf output
envelcpe cbtained using a Hewlett-Packard Model 4247 crystal detector
working into 50 ohms. The crystal detector introduces distortions in the
details of the outpul pulse, which are absent when the unrectified rf
pualse is measured directly.

Tunability of the center frequency cf the rf output pulse is illus-

trsted in Fig. 29. The total tuning range observed is the same as the

tuning range of the slot rescnator mode. The rf energy per pulse is seen

to generaliy increase as frequency ircreases; which is to be expected since
the energy associsted with the uniforrn. precession mode in the present
pulsing system is prcporticaal to frequency of the mode, as hus been seen
above. During the mexsurements in Fig. 29, the pulsed field parameters
were not adjasted for maximum rf energy per puise.

Instantanecus fregquency aci0oss the puise can be determined from
sampling scope pictures in the manrer illustrated ir Fig. 30. In this
case the successive peaks in a sampling scope trsace are nmumbered consecu-
tively. The norizontal iccations of the various peaks are determired using
& travelirg microscope. azd these locations are plotted as a function of
the peak number. If the instantaneous frequency, as averaged over half
cycle intervels, were ccrstant, the points sc obtained would of course lie
on & straight line whcse slope would be & measure of this frequency.

This procedure allcws one to determine the Instantanecus frequency at any
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point, as averaged over half cycle intervals, We see from Fig, 30 that
the experimental points lie very nearly on a straight line, indicating
only small deviations, across the pulse, from the average frequency for
the enti.e wave train, the latter frequency being 8.1 Gc/sec in this
particular case.

Because of the large number of variable parameters in this experi-
mental model of the device, it was impracticable to attempt a straight-
forward optimization by running systematically through all possible
combinations of these parameters in order to {etermine maximum rf power
output. Instead, various adjustments were set up intuitively and were
then varied in steps which, for the most part, tended to increase the
power, and for each new result the parameter adjustments were recorded
and the power output was plotted on a scatter graph which is shown in
Fig. 31. In this figure the rf energy in the output pulse, measured ir
watt-nanoseconds, is plotted orn the vertica: scale, as a function of
diameter of the YIG sampie or the horizontal scale. Tne plotted points
represent measured values of rf cutput energy. The solid lines on the
graph represeat the theoretical energy availsble from the uniform pre-
cessizn mode in a YIG sphere for several fixed values of precession
angle, assuming that the process of extracting rt energy from the fer-
rite is 100% efficient. If & measured energy velue lies on a straight
line for a given value of precession angle, this indicates that the
actual maximum precession angie achieved in the ferrite must exceed this

_value, because there will of necessity be some <¢nergy lost in the process

of transferring energy from the ferrite to the rf circuit. This question
is discussed further below. We notice from Fig. 31 that the maximum
energy, in the present series of experimencs, was oObtained for YIG spheres
of 46 and 48 mils diameter. We see that for these particular cases the
maximum indicated energy per pulse in Fig. 31 is 66C watt-nanoseconds.

For the measurements involved ir this particular graph, rf power levels
were determined by comparison with the power output of a standard labora-
tory signal generatcr used as a reference. As stated above, this pro-
cedure produces results which are nct in agreement with power measure-
ments obtained using a thermistor bridge. Thus, the plotted points in
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FIG. 31--Dependence of relative rf pulse energy on YIG sample diameter.
- 61 -

- I e el e

R AT ASMUI P B Bt

,.x‘«'.é}ﬁ“ " ’

| Wb e s S e

e,

”
v i ncik M UAY 0 ase b I




e S
g g e A8 ""vﬂ‘

PR

’
N A

e 3}%’%&%;?!&&6“: »
Ctoran

4

[ A AR

Fig. 31 are to be used for the purpose of illustrating relative power
output variations as a function of parameter changes. The straight-line
plots however, being theoretical, are quantitative.

The highest vzlue of rf output energy which has been observed is
225 watt-nsec, deteimined by thermistor-bridge measurement of average
power as discussed above. Using the values of F12 and F23 from
Section IV, Eq. (3) gives, for the theoretical ratio of output energy
to the energy available from the ferrite, Eout/EUM ~ 0,34 . We thus

infer from rf output and cold test measurements that the maximum energy

actually associated with the uniform mode in the ferrite was =~ 1 kW-nsec.

Referring to the straight lines in Fig. 31, this energy corresponds to a
precession angle of approximately 13°. This is seen to be in favorable
agreement with the precession angle predicted theoretically from the

computer.calculations of build-up kinematics, as shown earlier in con-
nection with Fig. 21.
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VII. MODIFICATIONS

A. RF Outwut Circuit Modifications

In the exploratory cold test work on the circuit of Fig. 24, the
sdjustable waveguide short was important because it provided a simple
method of experimentally varying the coupling between the slot mode and

the weveguide fields while measurements were being made. The adjustable

coupling was similarly important during the first hot test measurements
wher the circuit of Fig. 2% was incorporated in the Model II-B generator.

This was a carryover from an investigation of an earlier circuit

which preceded the slcot resonator design. The former involved the use

cf o miriature rutile dielectric resonstor to provide the coupling be-

tween the YIGC sphere and the waveguide field. In the case of dielectric

resonators of this kind, an adjustaeble short has become a standard means
of varying the coupling between the resonator and & waveguide. The

dielectric resonator was found capable of providing suitable values of

internal Q and external Q , but was not as compatible with the re-

quirements of the pulse field coil as is the slot resonator.

A considerable amount of cold test and hot test experience with the
circait of Fig. 24 showed that the adjustable short has various dis-
advantages which made it desirable to redesign the output coupling cir-

cait sach as to eliminate the need for this component in a practical

generator. One disadvantage has been seen in Section VI in the fact

that ir tuning the output frequency of the generator, it is necessary to

properly track the waveguide short. The variable short constitutes an

additional resonant circuit coupled to the rf output system. This
results from the fact that the pulsed-field-coil structure constitutes

an rf susceptance ir the waveguide which, taken together with the mov-

able short, forms an x-band resonator. This, together with the YIG and

slot resonators makes, in all, a circuit of three coupled resonators,

ali of which are tunable. This system is difficult to adjust for the

proper Q values for the two main resonators. Another disasdvantage of
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the mowable waveguide short is that it requires a considerable amount
of space compared to the size of the other essential portions of the
output circuit.

Some work has been carried out on an output circuit design which
e iminates the need for the variable short. The arrangement is indi-
cated in Mgs. 32 and 33. The pulsed-coil/slot-resonator element has
veen moved from its original position in the broad side-wall of the
waveguide (Fis. 24) to a new position in the center of the waveguide
shorting plane. The fixed shorting plane in Fig. 32 replaces the mov-
able plunger cf the earlier design. It will be seen that the shorting
plane is fabricated in two halves, which are separated and insulated
from the mating output waveguide flange, to avoid short-circuiting the
pulsed current fed to the coil. The leads to the pulsed coil are
directly connected electrically to the opposite halves of the shorting
plate. Just as in the previous design, this symmetrical arrangement
completely avoids radiation of rf energy back into the strip-line
pulser circuit.

Consideration of the circuit orientations of Fig. 32 and of the
normal distribution of rf magnetic fields in the waveguide, indicates
that strong coupling can exist between the slot resonator and the wave-
guide fields. It is found that when the slot resonmator is located as
in Fig. 33, the external Q of the slct mode is the same as quoted
earlier for the circuit of Fig. 24 over part of the tuning range. This
circuit was installed in the II-B generator as in Fig. 32 and operated
briefly. It showed approximately the same rf power output as the pre-
vious circuit, but with simpler tuning since there is only one tuning
adjustment. In fiorther cold test work with this circuit, a slot
resonator element was arranged to slide in the shorting plate, with a
micrometer drive tc vary the depth of penetration of the resonmator into
the waveguide. The resonator element was guided by cutouts in the two
halves of the shorting plate, and these halves were spring-loaded against
the pulsed coil leads to make electrical contact with them during the
motion. It was found that the coupling between the waveguide and the
slot resonator decreased as the penetration was decreased, as expected.
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It was also found that the addition of ridges in the waveguide could be
us:d to increase the coupling over that obtainable in unloaded guide.
These ridges were attached along the center lines of the two broad faces
of the waveguide, and started at the shorting end plate, so that the
waveguide in the vicinity of the slot resonatcr was a double-ridged
guide. The width of the ridges was 0.313 inches and the spacing between
opposing ridges was 0.170 inches. Ir going away from the slot circuit
these ridges were tapered out into standard waveguide. A typical set of
measurements of internal and externsl Q as a function of frequency fo:
the slot resonator with these ridges present is shown in Fig. 34. It is
seen that the external Q, Q’E » Of the slot resonator dropped to low
values, as desired, but varies considerably with frequency. Beyond the
upper frequency range shown in the figure Q’E dropped below 20, to
values which were not directly measurable. These low values of QE are
of interest for high output circuit efficiency in the generator. Further
cold test work would be desirable, attempiing to decrease the frequency
variation of QE . The objective would be to obtain a design having

Q’E which could be preset to any desired value, and which would remain
reasonably constant at this value over whatever frequency tuning range
is desired.

Note that the internal Q , Qo » Of the slot resonator is approxi-
mately independent of frequency, as it should be. [Here, Q, corresponds
to Q) of Eqg. (4).) However, its value is lower than for the case of
Fig. 24%. This may be associated with details of the ridge construction
in the vicinity of the slot resonator; Egq. {4) shows that it would be
important to remove the source of loss to obtain maximim output circuit
efficiency.

A spurious resonance was found in the rutile tuning dick when tuning
tc the low-frequency portion of the tuning range. A small biock of sty-
cast dielectric, having dielectric constant of 12, was cut to fit directly
into the electric field region of the slot resonator. This provided s
fixed capacitor which lowered the frequency of the resonator and removed
this effect. However, the stycast contriiuted to the Q degradation,

50 that one would want to either redesign the rutile twwer disk or replace
the stycast sample with a dielectric of higher Q .
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If these various modifications car be successfully carried out, the

»idged output circuit may be capable of providing higher efficiency

than the present output coupling system in the II-B generator, together
th having the advantage of singie-knob frequency tuning.

B. Proposed Modification of Pulsing Process

It is shown in Section III that the iritial parabolic portion of
the present pulsed field waveforms has, in theory, a very harmful effect
on the precessicn angle. In fact, the present precession angle is seen
to be rear the bottom of the most steeply declining portion of the
curve of Fig. 21, so that any reduction in the time required to reach
the junction point would be of real value in increasing the precession
angle. Accerding to Fig. 21, the parabolic effect in the present gen-
erator reduces the precession angle by a factor of 2.5, which leads to
a reduction of energy of 7.8 dB. It is to be expected that the output
energy of the generater could be increased by this amount if the para-
bolic effect could be eliminated.

A new approach, aimed at overcoming the limitation of precession
angle due to the prarabolic effect in the pulsed field, is illustrated
by Fig. 35. Here the pulsed magnetic field gp. is applied at an angle
to Ho which exceeds 900, i.e., the pulsing argle wo exceeds 90°.

The vectors 1, 2 and 3 represen’, the total magnetic field at three suc-
cessive instants of time during the pulsed fieid buildup. It is seen
that the total field magnitude st first decreases monotonically with
time until it reaches the value of vector 2, and thereafter increases
monotopicaily with time. Yhe parabolic range labeled in Fig. 35 covers
the time interval required to reach the juncticn point. During this
interval the precession frequency is relatively high and the sweep iate
is low, so that very littie precession angie is established. The
interval between vectors 1 nad 3, labeled excitation range, is the’
interval during which the piecessior frequency is lowest and the angular
velocity »f the total field wector is highes4. This is the nonadiabatic
region during which excitatior of a large precession angie is expected to
occur. The pumping range beyond vector 2 is the range during which the
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FIG. 35--Illustration of proposed process for
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magnitude of the precession angle remains substentially constant while
its frequency and energy are pumped upward by the pulsed field, just as
in the present Type II generator.

The essential idea iInvcived in this approach is that the parabolic
region of the pulsed field rise, which involves a very low average rate
of rise, is moved outside the critical region of low precession frequency.
The low frequency region is then traversed with high angular velocity, a
condition now known to be necessary for the establishment of large pre-
cession angle. We know that the entire precession angle is essentialily
established during the first onme to two radians of precession in the
region of iowest precession frequency. The behavior under the conditions
propcsed in Fig. 35 should be first studied on the digital computer, to
determine the extent of improvement, and the optimum combination of
parameters. This would represent an extension of computer cases solved
previously for pulsing at angles of 90o and less. An experimental evalu-
a%ion would involve simple mechanical modification of apparatus of the
present type to permit pulsing at angles other than 900, and to permit
increased biased field amplitude.

This mcde of operation has a further possible aivantage which way be
of importance. Theory and experiment both predict a rapid increase of
energy with decrease in the magnitude of the dc bias field and the pres-
ent approach, by puising rapidly through the region of minimum total
field, instead of dwelling in that regior for a long periocd of time
(essentially continuously) as in the present operation, may allow the use
of small minimum field before the formation of domains in the ferrite

becomes harmful. That is, as the total field vector sweeps through the
position 2 in Fig. 35, 1t may be pessible for .ts magnitude to dip below
the allowable field minimum required to maintain saturation in the case of
a dec field. Due to the repid sweep rete through this region, end to the
reasonably small average angle between the total field and the magniti-
zation in this regicn, this fact may be of importance in producing a
second increase in the final precession angle and energy in the Type II

device, over and above the increase due to elimination of the parabolic
effect.
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C. -Other Possible Modifications

We list here a few additional topics which might be of value to
explore for further development of Type II ferrite generators.

With regard to increasing the power output, ome sknuld consider
possible use of muitipie ferrite spheres, or larger-volume samples, to
increase the energy associated with the wniform precession. Also of
interest is the use of material of lower saturation magnetization, to-
gether with lower bias field to increase the uniform precession magni-
tude. Material with high crystalline anisotropy, such as single-crystel
pianar ferrite, which has been developed at the Signal Corps Engineering
Laboratcries in recent years, might be used to advantage to achieve
larger precession angles, or to reach higher output frequencies with
lower pulsed field magnitudes. .

In terms of a practical device, great reducticn of physical size
shculd be possible. The active YIG sample and slot resomator circuit
are extremely small. The bias field permuanent magret could bte cor-
respondingly small. In the pt ser strip-iine, segments which are pres-
ently employed for time-domain isolatiorn of pulse reflections for
measurement purposes, could be eliminated. Dimensions of the remainder
of the pulser could be reduced very appreciably by rearranging strip-
line layouts to equslize dimensions, employing recent techniques for
miniature strip-line fabricution, and by miniaturizing the switching
elements. It might be possibie for the spark-gap switches, which have
proved very satisfactory for the present laboratory experiments, to give
way to other types of switches.

Regardliess of the unif<rm precession amplitude which is developed
in the device, the erergv associated with the uniform precession mode
in the ferrite sampie is necessarily a small fracticn of the pulse epergy
circulating in the strip-iine circuitry. This circuitry has a reasonably
high Q , and the Q could be further increased, and thus it is pos-
sible in principie tc devise means for recirculating this unused energy
back to the dc power supply after each pulse. This possibility was not
investigated under the present program, as it was outside of the present
objectives, but could be ar important aspect of any practical develop-
ment of devices of this kind.
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APPENDIX A

FINAL PRECESSION ANGLES FOR

PULSED FERRITE SAMPLES
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Final Precession Angles for Pulsed Ferrite Samples
KENNETH J. HARKER, MEMBER, 1EEE

Abstract=A theoretical study has beea made of the transient
motion of the magnetization vector in isotropic ferrite spheres
during the application of pulsed magnetic fields at an angle to the de
saturating field. Results are presented which permit the deter-
mination of the final precession angle for 1) arhitiary pulse-rise
rates and pulsiug angles when the puise is linear, and 2) arbitrary
pulsing angies when the pulse is slowly rising and nonlinear.

InTRODUCTION

T HAS BEEN SHOWN theoretically {1], {2] and experi-
mentally [3], (4] that small ferrite samples subjected
to pulsed magnetic fields can transfer energy from the
pulsed magnetic field to a suitably coupled RF circuit in
the form of microwave enargy. The basic process involved
is the establishment of an angle between the magnetiza-
tion vector in the ferrite and the applied magnetic field
vector by orienting the applied field at an angle to the
magnetization, and by introducing the applied field in
the form of a pulse whose rate of rise is sufficie.tly rapid
that an appreciable fraction of this physical angle is
maintained until the field has reached its < >sired magni-
tude. This is a question of the kinematics o1 electron spin
motion in a pulsed magnetic field. As the magnetic field
rises, torques are exerted upon the magnetization in the
sample, resulting in a motion of the magnetization which
generally tends to reduce the angle between the magneii-
zation and the fieid during the build-up interval of the
field. The RT energy which can be extracted from the
ferrite increases monotonically with the magnitude of the
final value of the angle between the magnetization- and
the applied field, this increase heing quadratic for smal!
angles. Because of the fundamental importance of the
final precession angle, this paper will present a theory for
predicting its magnitude in isotropic spherically shaped
samples as a function of the angle to the magnetization at
which the applied field pulse is oriented, the rate of rise
of the applied field pulse, and the riagnetic properties of
the ferrite sample.

In practice, additional processes also operate to affect
the final value of precession aigle obtained. One such
process is the amplification of spin waves frum their
thermal levels to high levels, which decrease the energy
available from the desired uniform precession mode and
increase the energy associated with spin modes which,
unlike the uniform precession, cannot transfer their energy
to a coupled microwave circuit. In steady state problems,
spin wave phenomena of this kind have been widely
studied {5], (6], [7] and are well known. Under the present
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transient circumstances a new study of these mechanisms
is required, and such a study has been carried out using
the digital computer (8]. Another factor which, in
principle, influences the final precession angle is the
existence of dissipation mechanisms within the ferrite,
which have been ignored in the analysis being reported
in this paper. In practice, it can be expected that the
effect of such dissipation during the rise ‘ime of the applied
field will be very smali, because the avoidance of serious
apin wave effects typically limits the total rise time of the
applied magnetic fields to values much shorter than the
relaxation time of common YIG materials. Under these
circumstances, any effects of attenuation within the
ferrite would, in practice, occur during the interval
devoted to extraction of RF encrgy from the ferrite,
which process i8 not within the scope of this paper. Also,
it should be recognized that in practice, of course, the
amount of RF energy attainable from the ferrite will be
strongly dependent upon the efficiency of the RF coupling
system used to extract the RF energy, which again is not
within the scope of this paper.

The question of spin-wave effc a8 was noted, has
been the subject of a separate thee. * cai investigation,
and the other factors previously listed, which also combine
to limit the final precession angle, are the subject of exten-
sive experimental studies which are now in progress in
this laboratory. In the meantime, the particular aspect
which is studied theoretically in this ‘paper has a basic
relationship to these other aspects in that it shows the
maximum possible precession angles which one can hope
to attain on simple kinematic grounds, quite apart 1rom
the various experimental parameters which enter into
the other effects mentioned above. While this present
kinematic problem has received earlier theoretical study
{1], the present paper presents the first solutions which
are both precise and free of approximating assumptions,
and which also extend to the range of large precession
angles.

EquaTions or Morion
In the fixed coordinate system (z'y’z") shown in Fig. 1,
the sample is initially magnetised to saturation by a
constant magnetic field, Hy, with components

Al

H, = H,ysin ¥, )
Hy =0 {2)
H" = H. 008 '.u (a)

A pulsed field H,(f) is then applied along she 2'-axis.
It is convenient to introduce the moving coordinaie
system (r,y,2), also shown in Fig. 1. The z-axis of this

Stanford University, Sunford,Cahf system is chosen to coincide with the total magnetic fiald
- 75 .
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H(f), and the y-axis with the fixed system’s y’-axis. The
angle ¥ is defined in the figure, and ¥, is chosen to be
the value of ¥ at the initiation of the pulee.

The equstions of motion in the moving coordinate
system for the nizgnetisation vector components A,
M,, and M, are givea by

My = —yMH — M 4)
Kt = M. H . 5)
. ‘.Ic - Ht"s (6)
and
H* = (Hy sin ¥)* + (Ho cos ¥ + H,)* @
.cot ¥ = Hooos %o + H,

Eesin ¥,
where v is the gyromagnetic ratio, and the dot represents
differentiation with respect to tine. The initia! conditions
are
:;:::I,-O} at ¢ = 0,
the magnetization vecior being normalised so that
M3+ M2+ M2=1,

Terms due to the demagretising field do not appear
inasmuch as the sample is spherical.

LinEar Purse SHAPES

In this section we will investigate the motion of M for

hnuﬂymngpuheshapes.lfwechsngethemdepeudent
variable from ¢ to

f-cot')
then sur equations assume the form
dM,
T--ﬁdn'io(l+")"'”.+l+,. ()]
“;‘f—!-um.(wa)mu. - [

®

{
IEEE TRANSACOIONS ON MAGNETICS :3 MARCH
1.00
ose
ae
o, [
[__]
090 et
o
porw
o
,' oRy 4 Y " i 4 Y J
. 0“0 J 4 3 L ] ¢ 14

, 8% vy
Fig.2. Variation of M, with sV%y gin yJy for éu = 30°.

0.9

o8 Bero

or

o8

teg0°

—/I 20.00

0.!l~
.llllllljllllL!

%o 0,
Fig. 3. Varistion of M, with V3¢ sin ¢y for s = 90°.

M, —-M,
ar g W
where )
yH,?
8= A, (12)

Starting at r = 7y = cot W,, these equations were numeri-
cally integrated on a digital computer with respect to
r until M, approached a limiting value. This was repeated
for various fixed values of ¥, and 8. A representative set
of runs showing the variation of A, with respect to 8t/*r
sin ¥, is shown in Figs. 2 and 3 for ¥, equal to 30° and
90°, respectively. It can be seen from these solutions that
there is very little oecillation in M, when #'%¢ sin ¥, is
gooater than 10, The actual runs wore earried out until

57 sin ¥, equaled about 17.

In the case of each run, the limiting precession angle
was determined by inserting the limiting value of M, in
the equation
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td Py equations of motion. If we define
odr :::‘, m= M, + iM, (13)
“r P and
It #0356
st} buae « = V/Fsin ¥, (14)

o
% #1008 then (0)-(11) reduce to the single linear differential
) (L8 equation

| - dm 1
o} 3 ) — = ful ! —_—

:' y' — ;:; i il 4 +%) "m+l+', (15)
10F ) - .

. = e 1t is known that this has a soiution of the form
vwwwwgo'wwww ) o
. - mm- ¢~ P f Qd'r Ple dr, (16)
. . " .
Fig. 4. Fmdmw:igge_e:-tfmtfofdmuﬁh
: I * where
' P = i1 4 i
”’ — :
e ) 1
o Y
i The precession angle is given by the relation. -
o 209, o - lm‘o
(14 -

o when O is small. By letting r approach infinity in (16) we
o _ obtain the expression for 0;. Since P is a pure imaginary,
o ’ it follows that
N o 0= U"q,mv d,.l an
" © ¢
R ’i;' T _Subshtnﬁouthenyieldsthcﬁmltormuhfuag:

dr .u
: -, " V.' gt 9'- -———-—ap[ —{f(l+f’)‘n+
Fig. 5 Fuulwmdeo“u.funch?nd B with pulsing w141 2

(@ +n + ) a9

(1 — M The situation is even simpler when ¥, is small. Since
M, this implies that © is small also, it follcws that (18) is
again valid. Furthermore, since r is now large, we can

The final precession angle 0 is plotted in Fig. 4 as a func-

tion of ¥, with B as a parameter, while in Fig. 5, 6;is (1 4 +?)1/5, In this case, (18) reduces to
plotted as a function of 4/8 with ¥, as a parameter. In

the latter figure, the quantity +/B was choeen in order to o U" dr (w'f’)l‘

0; = tan—?

straighten out the curves as much as poesible. The choice . B P\
of § and 9; as parameters for these curves is not unique,

of course, and was chosen because the pulse-rise rate was Further reduction leads finally to the formula
varied and the precession angle held constant during the

experiments, or vice versa. - [} ( (e)_})]’ '
Fortunately, it is also possible to obtain & closed-form © {[‘”‘2""/"—"82 2]t
solution for the fina) precession angle under simplifying . B r 8 1 us
sssumptions which are often compatible with experimental ['mg - "(c (5) - §)T} » (20)
conditions. In some experimenta 4 la greater than 10, and

consequently, as Fig. 5 syggests and more detailed csl- where R is the ratio of 0; to ¥, and S and C are the
culations show, the precession angle under these circum- familiar Fresnel integrals. This formuls has aiready been
stances is small. It is then valid to set M, to unity in the derived by E. Schidmann {2]. It is extremely useful since
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then (22) reduces to )
dm. Hy sin ¥, -a
s 7H‘ —a e @3)
By integrating, we obtain the solution
f‘ﬂo sin 'l'oH ™ 24)

8. Ratio R of ©; {0 e 88 o function of A. This curve is valid
Fig. ﬁh““ ﬂ only

o7

06 -
K

- L 1 1 1

oOlOQOSO‘CS.OCO'I0.0’OIOO

Fig. 7. Ratio R of 8 to ¢y 28 a function of 8. This curve is valid only
for small .

it depends on only one parameter, 8. Ratio R was evaluated
numerically and has been plotted in Figs. 6 and 7 as a
function of §.

NoNLINEAR Puise Suarzs

It i« also possible to derive a simple formula for the
final precession angle which holds for both linear and
nonlinear pulses when the pulse-rise rate is slow.

If we assume that the pulse rises slowly enough to keep

W small, then M, can be set to one. By using the variable

m of (13), we obtain from (4)-(6) the - lation

* = ivHm + g’;‘:?‘ a, (22)
Hwelet ..
m = ma®
A= _’;vﬂ&

. Because ¥ is emall, the precession angle is given by

| 6 = Im| = .
The final precession angle is given, therefore, by
e.-'f Hosio b e,

o <H?

- We now make an asymptotic expansion of (25) in
inverse powers of H, by partial integration. The first
integration by parts yiclds the relation

n'l'. Q+f “d(ll.sm\l'.H ﬂl: (25)

(25)

. whemH,.uthevalueofH,atta-s 0. If the pulse-rise

rate iz slow, it seems plausible that the integral ir this
expression can be neglected. This premise is consistent

with the results of & number of digital computer runs.

We obtain, therefore, the expression
Bil\ Q.
vH?

for the final precession angle. This expression holds for
slowly rising linear and nonlinear pulse shapes. One
should note that for small ¥, this result is identical to
the asymptotic form of (20) for large . In terms of .om-
puter studies made in connection with this woik, the
condition of slow pulse-rise rate corresBonds to the
condition

Q=

Hye (27)

yH?

. >1.

For example, when 8 is 10, accuracies of the order of one
to two percent are obtained in 9, It should be noted,
however, that the transition from (26) w (27) is not
justified if H,s is sufficiently small.

The reason why the initial portion of the pulse is so
important in determining the final precession angie stems
from the fact that ¥ approaches zero, provided H, is
bounded, sz H, grows large. This is most easily seen by
examining the equation obtained from (8) by differentiat-
ing with respcot, to & Referring to (4)-(6), it is clear then
that changes in H, change only the magnitude of H, thus
raising the precession frequency without changing the
precession angle.

p =

BUMMARY
By using the results of this paper it should be possible
to determine the precession angls set up by pulsed mag-

-.petic fields under a variety of conditions. Figures 4 and 5
-8 -
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APPENDIX B
TRANSIENT SPIN WAVE BUILDUP IN FERRITES®
by

K. J. Harker and H. J. Shaw

Stanford University
Stanford, Californis

ABSTRACT

The equations of motion for spin waves in a ferrite, together with
the equations for the uniform mode, have beén rumerically integrated for
the case in which the ferrite is subjected to an applied magnetic field

which rises linearly in time. The equations for the uniform mode are
completely general and allow for asrbitrary amplitude of the mode, so

that parametric couplings which lead to spin wave instabilities of

various orders are accounted for, including the ordinary first-order
and second-order spin wave instabilities.

The spin wave equations are
solved to first order in the spin wave amplitudes.

The equations have been solved under the conditions of a linearly

rising magnetic field having arbitrary rate of rise, together with a dc

applied magnetic field of arbitrary magnitude, and for arbitrary angle-
between the orientations of the rising and de fields.

Assuming that
spin waves are initially excited to thermal amplitudes, a numerical inte-

gration is performed over k-space to find the aggregate spin wave growth

*

The work reported in this paper was supported by the United States
Army Electronics Command, Fort Monmouth, New Jersey, under Contract
DA 28-043 AMC-00397(E).
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as a function of time, and the energy in the uniform mode as a function

of time in the presence of the amplified spin waves. These results de-

fine the conditions under which useful transient devices can be operated
for the generation of microwave energy in pulsed magnetic fields, to
take advantage of the large rf magnetization available in ferrites when
operated beyond the ‘usual 1imiting values of the w iform mode which

apply under steady-state operation.
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INTRODUCTION

It Las been shownl’

that a small ferrite sample subjected to a

suitable pulsed magnetic field can constitute a coherent osciilator for
the generation of microwave energy.

Theoretical considerations involved
in this device have been studied by several authors,3'6 and also some

studies of another, but closely related, pulsed ferrite device are
relevant' ™2 to some aspects of the present device.
The basic process invilved is the establishment of an angle ©

between the total applied magnetic field and the magnetization in the

ferrite, by applying a pulsed magnetic field at a gecmetrical angle

YO
to the initial direction of the magnetization, the latter being determined
by a dc bias field. The final precession angle ¢

s for the uniform
mode, which results when spin wave amplification is ignored, has been

investigated theoreticslly over a broad range of physical parameters.6
An importent practical 1i- itation on the operation of such devices
results from the intrinsic parametric pumping of spin waves, by which

energy is drawn from the uniform mods intc spin waves where it is no
longer available for radiative extraction.

in steady state problems,
spin wave phenomena of this kind have been widely studied and are well
known.lo-l2

v gy 4w

A study of the mechanisms of spin wave growth under the

I

present transient circumstances was reported recently,13 but this study

- -1,,(")“0“{“:"If!lg;;?j!i;}1€gr‘-( vy

PR

did not take into account analytically the back reaction of the spin
waves on the unitrorm mode.

- 82 -

1

B i e ~ e —-




¢
.

This paper presents a theory and calculations which specify quanti-

titively the limitations imposed by spin-wave growth on the energy
available for radiative extraction from spherical, isctropic samples
subjected to linearly rising pulses of magnetic field. The equations
of motion for the uniform mode and the equations of motion for spin-
wave modes for all regions of k-space which undergo pumping are inte-
grated numerically, assuming initial spin-wave excitation at the level
corresponding to thermal equilibrium. No restrictions are imposed on
the values of the dc bias field, the pulsing angle, mode amplitude, or

the rate of rise of the pulsed field. All terms are retained in the

equations for the uniform mode. In the spin-wave equations, terms to

first order in the spin-wave amplitudes are retained. The integration
of the uniform node equations requires a repeated integration over that
region of k-space in which spin waves are being pumped. Another inte-

gration over k-space at each time step gives the spin-wave energy as

a function of time.

The paper concludes with a discussion of the asymptotic spin-wave

growth rates and an investigation of the region in g-space over which

pumping would be expected to occur.
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CALCULATION OF THE PATH OF THE SPIN WAVE AND UNIFORM MODE MAGNETIZATION

Because of the unwieldy nature of the equations to be dealt with,
tensor notation will be nsed thr;ughout. In particular, Sij and aijk
will represent the Kroniker delta symbol and Levi-Civita tensor density,
respectively. Vector quantities and components are referred to with an
upper bar and subscript, respectively; for example, H and Hn
Referring‘to the fixed cocordinate system shown in Fig. 1, the sample is

assumed to be initially megnetized to saturaticn by a constant field

with components

0
Hi = R sin Wo
B, = 0O (1)
Hy = 2 cos Vo

where Ho is te magnitude of the saturation field.

A linear pulse of magnetic field, ;; is then assumed to be applied
elong the xs-axis. It is convenient to introduce the moving coordinate
system also shown in Fig. 1. The x3-axis of this system is chosen tb
coincide with the total applied magnetic field, H= Ho + HP , and the
x2-axis with the fixed systems xé-axis. The angle ¥ lies»between the
X3 and xé-axes, and wo is chosen to be the value of ¥ at the initia-
tion of the pulse. In this coordirate system the magnetization obeys the
equation of motion given by

dMn
— = <5 M (7HS
dt

Jﬁ
npq P 82q dt » (2)

- &4 -




where M is the total magnetization vector, Hs is the total field,

t 1is the time, and 9y 1s the gyromagnetic ratio. The second term

arises from the motion of the coordinate system about the y-axis.

We
may expand M into & spatial Fourier series
1err
Mm = Macm + akm e » (3)
k#0
where M 1is the magnitude of M s
LM ik x ik x
2 rr
- - (4 -) —x a k T\ bra
E: Byg - (Wn/3)yy Z. k2kr kr'q © L, kq ©
kfo kfo
(%)

D 1is the product of the exchange field times the square of the lattice

spacing, and k is the magnitude of the propagation vector k By

substituting Eqs. (3) and (4) into the equation of motion, setting the
coefficlent of each term in the Fourier expansion to zero, and ignoring

gquadratic terms in akm in the spin wave equations we find that

do

on b ay

= -yls_« - a x ax | +5__ @ —

at 7 | ®npq¥op°3q H Zf Z Pnpq %ep ¥ %kr| *Onpd’op®2q ’
kf0
(5)
and
dor, b o b
S E —a_-HS, DK |+——8 & kk .
2 Pnede | 5 %0 ™30 Yoq | * T2 Papdop"d’r Tier
ay
®pq %kp P2q @& ' (6)
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1t is convenient at this point to introduce a change of variabies.

We define

o . 'Y
H cos Vo + H

T = c¢ctny = D (1)
‘B sin wo
2
7(2°)
B = (8)
dy
-2
dt
kl
{1 = ;:- = sin @ cos ¢k (9)
k5
{2 = ;: = sin @ sin ¢k (10)
3
£3 = ;- = cos @ , (11)

where HF is the magnitude of H® . In terms of the new variable T ’

we note that
1/2

H = 1° sin V(1 + 72) (12)
dar 7H°
dat B sin *o
ay 1 (1
— = - — . 1k)
ar 1+7
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By substituting these equations into Egqs. (5) and (6) we obtain

o 5 5 1/2 M . .
= - Botn” ¥ (1+7) B By o+ - B sin vO%J Snpalabe @
T 0
5 & B
- m_ep.e_?-‘_q (15)
14+ %
and
dot LxM/3 - DK® 1/2
X _ 5 a [Psiny ————a_ -Psincy (1+ 1) &
ar npq kp o #° oq o 3q
LM ) 8pq Yip 02
+ Bsiny_ — & _« o - DR kp 29 (16)
0 0 npq op QT kr 1+ 72

The calculations in this paper will be based on the assumption that

the spin waves are initially in thermal equilibrium. Statistically, one

can obtain no information from studying the components of &k ,» since
they average to zero. The quantities that must be considered are the

quadratic terms in akm « Accordingly, ve define the tensor

LoV

€ = —— Re {@ _a ) (27)
Kmn 3K km kn’AV 4

where K is Boltzmann's constant, V 1is the periodic volume, and T

is the temperature in degrees Kelvin. Taking the ensemble average of

-87-

SR e e L

L O TR L WSS Oh R B I Y 1S RN ks e s

sestpss P Py

At oup s

hahtpbliste

b,
i

tad ﬁiw;?wﬂ




Eq. (15) and “hen substituting Eq. (17} gives

1/2 o 3K T
on _ .2 2 o4 ﬁr
_;_. = B sin Wo(l +17) anpq 65p aoq + B sin v, - &“_6npqzqzr€kpr
T h
‘ 0
bn ao 52 '
- 2 2 (18)
l+¢«

where Q is now understood to henceforth represent the ensembie.average.

In order to cbtain equations for the ¢ , we multiply Eq. (16) by

kmn
»*

akm . We then permute m and n , take the complex conjugate, and
add the original. and permuted equations, obtaining an expression for

¥*
d/dT(aknakm) . Taking the real part of the ensemble average then gives

dekmn Lay/3 - Dk2
= (anpq “xpm ¥ 6mpq ekpn) Beiny, ——F——C,
dt H
1/2
- B sin2 vO(l + 12) 53q
R 5, (65 _e 45 e )
S b e v 4 —2p_npq lkmg ‘mpq kng
+ Beiny, 5 aopzqzr(snpqekrm+ Smpqskrn) + =,
T
(19)

Since Ekmn is symmetric, this represents six equations for each value
of k
In order %c bring Eq. (18) into final form, it will be necessary

to replace the c'umation over % by a suitable approximatling integral.




If we define ¢ and £ by the relations

k
¢ = — )
(entt/30) T2 (20
kr(iente/3)1/2
T )

then it can be shown that

- 712
f c dcfd sin €, de . (22)
;6 3KT e | k Tk

0

In deriving this relation we have used the fact that the integrand is
jdentical for k end -k . The limits on ¢ are chosen to include
only that portion of the spin wave manifold which is pumped, as will be

shown in the last section of this paper. By substituting into Eq. (18)

we have
o] 1/2
on _ 2 2
- B sin” ¥, (1+ 1) bnpq 53p aoq
21{}12 : 5 o 52
Fe ]
+ Besin ¥ J f c..cd¢ksin9 ® 5 o qrekpr —m—BP—JTZ
0 0 O
(23)

In order io integrate Egs. (19) and (23), the initial conditions must
te obtained. Since the only spin waves which will be pumped are of long

wavelength, classical statistics will suffice. The first step is to obtain
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an expression for the energy by classical methods.

This is done by
calculating the energy retrieved from the system by forcing the spins

back into the positions they would occupy at absolute zero

To estab-
iish the energy of a given state, one must evaluate the integral

f H aM v, (24)

where the lower limit corresponds to the configuration where all spins

are parallel to the applied magnetic fieid, &nd the wupper limit cor-

responds to the configuration associated with the given state.
B 1is given by Eq. (4) and aM

Here
is given by the differential of Eq. (3)
ierr
M = M(daon +; dy e ) . (25)
0

By substituting into Eq. (24) and integrating we obtain

-vu{m +-——A(aa)

2
oY oo 2s oo o
oror Fier > jerFier ’
0

(26)

vhere A signifies difference betweer the final and initial velues.
We find that

. 1/2
Ax°3 = cos @ I-Zah_a;r -1
k=0

(27)
1 *
= cos0(1-5) a & }-1
()
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and

o . )
Ao Opp) = O By =1 = :Zr. “er Fr 2 (28)
kpo
where © 1s the angle between a o and H . By substituting into
Eq. (%6) and simplifying we obtain
E = Ep+Eg ’ (29)
where
' = MVE(L - cos @)@ a_ )2 (30)
Em or or

is the energy in the uniform mode and

Eg = ‘él; [(H - 1-‘3ﬁ+ Dka)akr a;r + UM I‘ﬁrdh.laj] (31)
0

is the energy of the spin waves. Taking the ensemble average of Eq. (31)

and substituting Eqs. (17) and (22) reduces the equation for Eg, to the

form

MVHS

12;:]12
2
Eqy = f cde g sin Q,_de
SW 2,1/2 fv k X 'k
Gsinvc(l+'r o0 o

bofhe R OWE

R R e W

x (1731(% -1+ cz)(zekmn) + m‘r'n iom ? (32)

m

A *’W‘Er? Do b g <
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where

1/2
H = (1+ 12) / (sin Wo) Ho . (33)

Since the summand in Eq. (31) is independent of the sign of k , the

total energy associsted with the k and -k spin waves is given by
B LM 2 * 2
Ek = MWV [(B -3 + Dk )akr akr + ImMH,r akrl ] . (34)

At thermal equilibrium ak3 is taken as zero. ILetting subscripts r
and 1 stand for real and imaginary parts, respectively, we can write

this equation as

2

_ LM 2 2 2
E, = W {(H - -+ Dk )(akl,r + “k2,1)+ um(«tlakl,r + ‘f’a"‘ka,r)

LM 2\( 2 2 2
+ (H - -13'—+ Dk)(akl,i + ak2,1) + baM(£, s +4, ake,i) } .
(35)

Note that r and i are not running symbols. The mean-squared values

of ail 3 aia . etc., are then calculated according to the formulae

Jog .o e-Ek/H da ao
) - , T T LY T (36)

- -E, [¥T
AV Jj ek
a akm,r d akn,r

<ak'.m,r c(kn,r
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Note here again that m and n are not running symbols in this equation.

By evaluating these integrals we obtaln the relations

(ail ) = (Ho ., Dk + h,mf,e) (37)
T
AV
6 l4mM
Cpd 2w (B - + DK + b £, %) (38)
= KT
{ kl,r o‘1&2;1‘)“ = ~am b b, (39)
where .
X = (& - 43 + DEY(E® - 2+ Dk + b sin® 8) -
(10) ;
Identical expressions are obtained for @2 1 i) (Sk 21) , and
Aay’ A\ '/ f
(akl, $ ak?., i)Av . Substituting the above equations i
* :
Re(am % AV { m, kn’r)Av (#1)
into Eq. (17), we obtain, finally, the initial values of ¢ :
C (3E°/4mM - 1 + 4 3 %2)/g (42) ;_E
5
€2 T (3E°/unM - 1 + c2 + 3{,12)/; (43) ‘:i
%33 = O (1) Z
Gz = - Ay B/t (15)
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€3 = O (46)
&3 ~ 0 (57)
where
_ 3B 2, 38° 2 2
E = (m - 14+ c )(rﬂM ~-1+c + 3 sin Qk) . (48)

Fquations (19) and (23) were integrated simultaneously by the

Kutta-Runge numerical method for ° discrete set of k values covering

the region of growing waves described by the limits of the integral in

Eq. (22). The initial conditions for these equations are given by

Eq. (42) - (47) with B° = LnM/3 The uniform mode was given an
initial amplitude of

@, = o = 0.761 , (49)

_ 14
corresponding to Yig at room tempersture. . The other numerical constants

chosen were D = k.4 x 1072 Oe~cm” , T=293% , K=1.38x 10710

erg/deg, and 7y = 17.6 (nsec—koe)-l The value of D was taken from

tichldmann.>” At each point in the Runge-Kutta integration of Egq. (23)
where the derivatives of the dependent variable are evaluated the

integral appearing in the equation was evaluated by Simpson’s rule using

the discrete set of k values as mesh points. The spin wave energy was

evaluated with Eq. (31) by Simpson's rule in the same manner as the
integral in Eq. (23).

The end result of these calculations is the variation of @ 0§ )

EUM , &nd ESW as a function of time. In all, six different cases,

- gk«




corresponding to six pairs of values of 8 and *o » were studied. Two

*
N Gzor aor)/dR ’

8, EUM/MVH , and ESW/MVH are plotted as a function of normalized

of these cases ure plotted in Figs. 2 and 3, where «

time:
yHt = B sin vo('r - ctn‘l’o) . (50)

An important quantity related to the use of pulsed ferrites as a
microwave energy source is the amount of energy availeble for radiative

extraction. The ratio

(1 - cos G)(aor aor)l/2

R = (51)
(1 - cos Q{) o

representing the ratio of the energy in the uniform mode to the energy
in the uniform mode without spin waves was chosen a&s a measure of this.
The ultimate precession angle Q& attained by the uniform mode without
spin waves has been calculated in a previous report.5 Values of Q£
from the report are presented in Table I for the six cases studied.
Also presented in the table are the values of EUM/MVH corresponding
to a 10% degradation in the uniform mode enevgy (R = 0.9) as calculated

from the formula
EUM/MVH = mR(l - cos §p) . (52)

In the last row of the table are given the normalized times, 7Hot s
corresponding to the 10% degradaticn of the uniform mode energy as reed
off from curves for the six cases of which Figs. 2 and 3 are examples.

These results are further summarized in Figz. 4, where the final precession

- 95 -
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angle

Q& , 1s plotted versus the normalized time, 7ﬁot , corresponding
to R = 0.9 One will note that the normalized time for R to attain

a particular value is dependent primarily on Q£ » and not on the
particular corbination of £ and V¥

required to give Q& .
TABLE I

NORMALIZED TIME FOR 10% DEGRADATION OF UNIFORM CODE

v o® | 90°| 9° | 7¢ | 50° 145°
B A .6 .8 .6 WL .8
8 58.9. |s52.7 [|47.6 |38.5 29.8 21.2
P-9(1 - cos 6p) o 3% .270 .223 1485 .0903 .0465
7H 5.1h4 5.82 6.5 8.23 11.0 16.5

We mey obtain a useful relation from Eq. (3)

Taking the dot
product of this equation by itself gives a spatial Fourier series, the

constant term of which yields the well known relation

*
a_a =1 -KZ: o % - - (53)
0

Introduction of normalized variables then leads to the equation

1l 2xn
o)

n/2
_ L3 }"
@ = m— ffj/ c dc d¢ sin 8, de. ekrr .

0 0O

(5%)
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This equation was used as a second means for calculating Gxor aor)l/e
and thus also as a cénsistency check on the numerical results obtained

from integrating Eqs. (19) and (23).

ASYMPTOTIC SPIN WAVE GROWTH

Wt < pulse of megnetic field has been arplied long enough for
the initiael transient to die out, but not long enough for the uniform
inode to have been seriously degraded, the spin wave growth rate
approaches an exponential value which is readily calculable. The
snalytical results obtained here are particularly useful in evaluating
the range in k-space in which pumping occurs. It will also !¢ seen that
the domain of growth is radically different for large and small preces-
sion angles. Our starting point is Eqs. (5) and (6) without the back-

* .
reaction terms in Q,__ « and without the term in

kp kr
daon
— = - S o 5 , H
at 7 ®npq %op °q3 (53)
ao ) LM 5 M
_— = a |—a - - Dk « +—5 o _kk .
at 7 8"npq kp\ 2, HSBq LSq) x> DPg op QT kr
(56)
From these simplified equations we can show that aor akr = 0 ,.or for )
££0 , or .
@q = - @zol.akl ta, akz)ﬁ103 . (57) z

et
5
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ay = Gy +ia, (50)
@ = a.+ia, (59)
=4 +1d (60)
and

o = dya -a L . (61)

We then obtain
Z—c-:ﬁ = 1y + (h—? - Dke)(ozoozk3 -0 ) - ;?:—3- [a03(&1; + 4 )
- &B(ao a; + a; a, )] (1;3 ay - Qo3 L)} . (62)

By substituting Eq. (57) and simplifying we obtain

ax LM|p |2 (hnM/B-Dkz) o hmpz hm/s-m:a

_— = iy[ﬁ+ - (1+a03)Jak+[ -

at B3 o3 B3 B3
(63)

Using Eq. (61), we see that

2 2 2 2 52

2 - 5ol vl b e Ldas + L a) , (64)

lo 3 03 1t ~ Y033




where

a . = |

k‘ ’ and £T = l{’| ¢ (65)

It is clear from Eq. (55) that the solution for Qy can be written as

a = a. e (66)

vwhere w = yB , provided the time origin is properly chosen. If we

iat

write Q, as dk e , then it is clear that most terms will vary

k
as eiwt » corresponding to s~cond-order pumping. Terms in other time

variations than eimt will also be present which correspond to first-

order pumping and small frequency shifts, but more detailed analysis
iwt

shows that they play a negligible role. Reteining only terms in e »
we obtain from Eq. (63) the relation

ﬁ ~ AN

X . 1a0, + 10, (67)

dat

where

, Lot
2 - — ba(L,” o+ oy E) - (1 + oy 5 Dke) (68)
03
7
b = —— [um&? - (ba¥/3 - D)} o, (69)

03

PR

i&;:",ﬂ'iii,;. b




e it ot 2t Y 7.

Asymptotically, as t Dbeccmes large, « end «

03 oT

becomes constant.
Equations (68) and (69) show that this also applies to a and b

-

Consequently, we can set &k equal to a real constant multiplied by
P .
o t + i

Substituting this into Eq. (67), we obtain the relations

(70)

and
cos 2 = --% . (71)
Substituting Eqs. (68) and (69), we have the equations for K and §

<
»

fony 3L$ ;]1/2 , b 315 \ 1/2
K = ”__(-.—.-Dk Dk™ - —— (1 - — 1-3aOT)
3 2 b) 2
J (72)
- 2-1/2
5z§ DK
(1- -
Q.. 2 4/
cos § = 22 > > . (73)
aOT 33,1, Dk
21 - —=) +
2 Lrm/3
L -

It is convenient tc also write the growth rate with respect to the

variable 1 , which is given by the expression

Substituting Eqs. (13) and (72) yields the relation

1/2 . 1/2
Ly 5z§ 3DK 3Dk° 32; 5
K, =B siny - |1 - - -1---—1-5aOT)
3H P LnM lymy 2
{74}
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From Eq. (57), it also follows that, for large t , @ 5 and « are

related through the relstion

r 11/2
3£§ Dk®
1-—) - —
3 2 La/3
o HE DK . ()
kT 2(1 - _JE) +
2 LaM/3

When Eq. (72) is maximized with respect to Dk2 s one obtains the
condition

P bt/ 3%5 %
") 0 = — [T-—]{1-—= ’ (76)

2

/

for maximum growth for fixed fé . Since {g and aﬁT

than unity, we immediately verify from the equation our earlier assertion

are both less

that ¢ = k/(hnu/BD)l/2 slso has & maximum value of unity. Substitution

back into Eq. (72) shows that the corresponding value of & is given by

32
C ool X
® = 2, |1 - " . (D)

It is important to note that Eqs. (73) - (/5) take the simple forms
g = us5° (78)

@ sfg = an/VE (79) :

POTRPL PR

vhen @, 15 small and the maximm growth condition given by Eg. (‘76)

pertains.

e N
- e

- 0%, =,




Sxe
T

Referring to Eq. (72), it is clear that pumping only occurs when

the expression within the square root is positive. Subject to the con-

dition that O < QST <1 and 0K {é <1l , and Dk2 >0 , it can be

seen that one passes into the pumping region whenever one traverses the

curves,
3DK° s 2 )
= 1-2 C
LM 2
and
3Dk" 3,2 » |
= (1-34)0Q - 3d,;) . (81)
bnM
Three possible cases arise, depending on whether O < O§T< 1/3 )
1/2 < agT <23 ,or 2/3< agT <1 . These cases have been sketched

in Fig. 5.

The spin wave equations of motion were solved numerically for a
number of different values of k . This was done by integrating
Eq. (15) numerically without the spin wave back reaction term (i.e.,
without the Z term) simultaneously with Eq. (16). The results for
& particular talue of k are given in Figs. 6 — 8, where (akB/akT) s
$ , and o, wure plotted versus v with H_ = kxM/3 . The sub-
scripts 1 and 2 refer to solutiops whose spin wave magnetization vector

is initially oriented in the and X5 directions, respectively.

*1
The asymptotic values assume by these solutions were compared with the
results calculated from the equations of this section. The results are
compared in Table II and, as can be seen, are in close agreement.

Similar comparisons for other spin wave parameters showed like agreement.
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TABIE II

COMPARISON OF NUMERICAL INTEGRATION WITH ASYMPTOTIC FORMUIA
0 (o]
FOR B =0.8, ¥ =507, § =10, “03/“01' = 2.271,
O
3Dk2/h:d4 = .5625, AND LnM/3 = H

Numerical Integration Asymptotic Formula
Quantity
Figure No. Result Formuls Nod Result
:!k3 /akT 6 397 T 0.397
¢ 7 25° 36 73 25° 41
Ko 8 0.104 Th 0.102

A
-

S,
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Figure 8

FIGURE CAPTIONS

Coordinate system.

Variation with normalized time of spin weve energy and
uniform mode amplitude, precession angle, and energy
for B = 0.6 and Wo= 90° .

Variation with normalized time of spin wave energy and
uniform mode amplitude, precession angle, and energy
for B =0.8 and WO=1}5° .

Variation of final precession angle with normalized
time for 10% degradation of the uniform mode energy.
Regions of spin wave growth.

Variation of ak3/ak'1' with T for B = 0.8, Vo = 500,

e, = 10°, 3Dk2/1+:m = ,5625, and H = bau/3 .

k
Subscripts 1 and 2 denote initial orientation of spin
wave vector in Xy and X5 directions, respectively.
Veriation of § with T for B = 0.8, ¥ = 50°,

%

scripts 1 and 2 denote initisl orientation of spin wave

= 10°, 3Dk2/hnM = 0.5625, and B, = LaM/3 . Sub-

vector in Xy and ic2 directions, respectively.

Variation of aldl‘

6, = 10%, 30K flnM = 0.5625, and LuM/3 = H, . Subscripts

with 7 for B =0.8, ¥ = 50°,

1 and 2 denote initial orientation of the spin wave vector

in X and X, directions, respectively.
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APPENDIX C

COUPLED CIRCUIT ANALYSIS

The purpose of these calculations is to study a pair of coupled
resonant circuits where the frequency of one circuit is swept linearly
with time through the resonance of the other. The point of interest is
the amount of energy transferred from the swept tc the unswept circuit.

Figure 1 shows the circuit used. Here, Ll end Cl are time-
dependent quantities. Thus, care must be taken to calculate the proper
time derivatives of terms involving these quantities. When L and C
are time dependent, the voltages across the elements are

a

= = &

Vv, = ©® 151 1)
_ 1

Vo = gy at . (2)

Keeping this in mind, and applying Kirchoff's laws, one caa derive the
following equations; B

- S ) (3)
L. —24+— | 1at+iR. +—(L(t)1) = 0 (3
N C2J 2 R " Lywrih

d )) 1 Jq )
— {L,{t)1 = — [ i,dt (4
at + 1 ¢, (t) 4
L (L(t)1,) = R4 (5)
gt (i) 4y 113
i, = 11"13*11; . (6)
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The change of variables

L (t) L
L 1= Xy (7)

Lo Ll(t)

simplifies the equations considerably. We have

ai, 1 az
L—-—+——fidt+Ri +L.— =0 (8)
2 4t c, 2 2’2 7 10 4,
az 1
L.— = —— [ 1i,dt (9)
10 4¢ c, (t) 4
az _
Lioa = 3113 . (10)

We next define the following normalizing parameters:

1 1
_.__:(nl,-——-=a.\2,(net=‘f‘ (ll)

L.C, LC,
We then find:
di L,. dz R
-—£+f12dr+qé112+-lq—— = 0 , Q;l=——g—- , (12)
dr L, 47 L
2 Bbo
2
c. a4z
¢ S (‘119) f Lar (13)
C.~ dr
10 )
az L ml R
1
— = 2 dqi,, o =3 . (14)
ar L 13 © L
10 %2 14

- N ——. e

ek o




Changing to the symbolization u' = %% and taking derivatives:

L
" -1 ., 10 .« —
1y +Q i, +1,+ -;— z" = 0 (15)
2
! 2
C. C
Loge sl o (‘ilg) 1), (16)
10 10 @,
c! c e
z" 4+ lZ' _ 10 0.\10) . ill» = 0 . (17)
¢ ¢, \@
Since
i), = i -1, - 13 , (18)
' 2
C c
"+ _1 Z’ - __]£ u_ﬁ;o.) (12 - j_l - 13) = 0 . (19)
Cy €1 \®
Since
Lo &
13 - 202 Q21 7' , (20)
L
1%
we have

C. @ “*1\2 Cio0 & -
"+ Lg 4 Lotz +<—}Z-—19(—0-\}1 =0 (21)
)

i, Q iy +i e ——12" = 0 . {22)




These are the equations describing the system, with arbitrary time-

dependent parameters Ll and Cl

We now use the following restrictions:

C

S - R

@y L%

Ty

L.C

—;—g = K = constant

LSy

These lead to:
C,
2 . K(a + bT)
¢y
C1 a + bt
C10 a
1
Cl b
Cl a + br
Ll K
L2 a + by
Mo K
L2 a

- 119 -
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(26)

(27)

(28)

(29)




yﬁ}:fz

Equations (21) and (22) then become

Z"-t((a-fb‘r)Qil- b )Z'+(a+b-r)2Z-a(a+b1—)12=0

a + br
(30)
T} -1 ! K 1" -
ip+Q i,+i,+22" = 0 (31)
where
L a + br
il = 10 Z = ( >Z . (32)
Ll(t) a
The energies in the two resonators are found to be
U, 1,1 ¢ 5
— = _( +(a+b1-)z) (33)
UlO a \a + bt
U a K
—2 . —i§+(i'+Q'li +—Z')2 . (3w)
e 2 2 2
UlO a

The equations were programmed as four first-order eguations, where:

xl=z,x2=z’,x3= :12,)(!‘=1"2 (35)

X, = X,
X, = -[(a +b1) Q]-_l - a—‘—j—b—T—] Xy - (a+ br)? X, +aa +b1) Xy
(36)

x; = X,




and

X, = -Q;lxh-x3-§xé : (37)

Computer runs were made of several ot the quantities involved in
Fig. 1. These quantities were plotted by the computer as a function of
the normalized time parameter + . The quantities il s 12 , instan-
taneous power delivered tc the resirtance R2 , and cumulative energy
delivered to the r:sistance R2 , we calculated, in addition to the
total energies in the two circuits, as a function of time. Thirty-one
cases were run using various combinations of the parameters A, B,
T, Ql and Q2

In Section II.A of the main body of this report, the energy distri-
bu-ion in the two circuits is shown for one special case which is of
interest. In Figs.2 through 5 below we show the plots of the remaining
quintities for this same special case. Again, the parameter values for
this case are A= 0.1 , B= 1/20r , T=o.ooh,ql=1,ooo, and

Q = %
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